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Abstract 

Consolidated bioprocessing (CBP) provides a cost effective cellulose processing strategy, in 

which enzyme production, substrate hydrolysis, and fermentation of sugars to ethanol are all 

carried out in a single step by microorganisms. For industrial-scale bioethanol production, 

CBP-enabling microbes must be able to both efficiently degrade lignocellulosic material to 

fermentable sugars and synthesize bioethanol with high yields. Microbes with these 

properties have so far not been identified. Developing naturally occurring cellulolytic isolates 

with CBP-relevant properties requires a comprehensive understanding of their lignocellulosic 

hydrolysis mechanism and metabolism. In my quest to find a suitable organism for potential 

use in CBP, I took to investigate the under-characterized anaerobic bacterium, Clostridium 

termitidis strain CT1112. C. termitidis produces fermentative hydrogen and ethanol from a 

variety of lignocellulose derived substrates. I sought to investigate the metabolism of C. 

termitidis on different substrates and the mechanisms of substrate hydrolysis using a 

combination of microscopy, comparative bioinformatics, and ‘Omic (transcriptomic and 

proteomic) analyses. Comparative bioinformatics analyses revealed higher numbers of genes 

encoding carbohydrate active enzymes (CAZymes) with the potential to hydrolyze a wide-

range of carbohydrates, and ‘Omic analyses were used to quantify the levels of expression of 

CAZymes, including endoglucanases, exoglucanases, hemicellulases and cellulosomal 

components. While cellulases and cellulosome components were highly expressed on 

cellulose, xylanases and glucosidases were predominantly expressed on pentoses, and 

chitinases (as well as cellobiose phosphorylases) were significantly up-regulated on 

cellobiose. In addition to growth on xylan, the simultaneous consumption of two important 

lignocellulose constituents, cellobiose and xylose was also observed. The ability to 

metabolize both hexose and pentose sugars is a highly desirable feature of CBP-relevant 

organisms. Metabolic profiles in association with ‘Omics analyses showed that hexoses and 
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pentoses are consumed via the Embden-Meyerhof-Parnas and Pentose-Phosphate pathways, 

respectively, and that the genome content and expression profiles dictate end-product 

synthesis patterns. Genes and gene-products of enzymes in central metabolism and end-

product synthesis were detected in high abundance under all substrate conditions, regardless 

of the amounts of end-products synthesized. The capabilities described thus far, identifies C. 

termitidis as a strain of interest for CBP. Further studies are, however, required for its 

development in to an industry-ready strain for biofuel production. 
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Chapter 1 

Literature review 

 

A modified version of this chapter has been submitted for publication in: Munir R and 

Levin DB. 2015. Enzyme Systems of Anaerobes for Biomass Conversion. In Advances in 

Biochemical engineering/Biotechnology under the section Anaerobes in Biotechnology.   

 

1.1 Importance of an Alternative Energy Source 

Increased climate change concerns, coupled with high demands for fossil-based 

energy carriers, has driven the search for an alternative, abundantly available, sustainable and 

biodegradable energy source to meet the future needs of the transportation sector. Biofuels, 

which include bioalcohols (ethanol, butanol), biogases (hydrogen, methane, syngas), and bio-

oils (biodiesel, vegetable oils) are attractive alternatives to fossil fuels, because in addition to 

being sustainable and environment friendly, they can be used as transport fuels with little or 

no alterations to present technologies (Demain et al., 2005). Natural or fossil-based energy 

resources, such as petroleum, coal, and natural gas, are responsible for about three quarters of 

the worlds’ primary energy consumption, each corresponding to a world consumption of 33, 

24, and 19%, respectively. Alternatives to fossil-based energy resources are nuclear power 

(5%), hydropower (6%), and biomass (13%), representing about one quarter of the world’s 

primary energy consumption (Stocker 2008; Ragauskas et al., 2006). 

Biomass, which includes plants and animals, and their organic waste products, is an 

abundantly available energy resource for the production of biofuels. It contains large amounts 

of the sugar polymers cellulose and hemicelluloses, which can be broken down by a mixture 

of enzymes usually produced by cellulolytic microorganisms into simple sugars that are 

fermentable to produce value added products such as ethanol (Ragauskas, et al., 2006). 
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Compared to the conversion of fossil fuels, conversion of biomass to bioenergy emits smaller 

amounts of greenhouse gases and the carbon dioxide generated is consumed during 

subsequent biomass re-growth (Stocker, 2008). High amounts of greenhouse gases, which 

include carbon dioxide, methane and nitrous oxide, produced by burning fossil fuels 

contribute to global warming by preventing radiant heat from the sun, reflected from the 

earth’s surface, from escaping into the atmospheric space thereby raising the temperature. 

Perlack et al. (2005) reported that by 2030, over 1.3 billion dry tons of biomass could be 

available for large scale bioenergy and biorefinery industries, enough to displace 30% or 

more of the current consumption of petroleum in the US.  

Canada has vast amounts of biomass too, much of which remains unused. It is 

estimated that there may be enough unused biomass (agricultural wastes, mill wastes, unused 

tree branches) from Canada's forestry and farming operations to provide about 27% of 

Canada's energy needs. However, biomass remains an important part and currently provides 

about 4.7% of our primary energy needs, the second largest source of renewable energy after 

hydroelectricity (Canadian Centre for Energy, 2012). 

1.2 Structure and Composition of Lignocellulosic Biomass 

Plant based lignocellulosic biomass is the most abundant renewable natural resource 

available for conversion to biofuels (Demain et al., 2005). Terrestrial plants produce 1.3 x 

10
10

 metric tonnes of wood per year on a worldwide basis. This is equivalent to providing 

approximately two thirds of the world’s energy requirements (Lynd et al., 2005). 

Lignocellulosic biomass consists mainly of cellulose, hemicelluloses, and lignin (Figure 1.1). 

The long cellulose chains are held together by hydrogen bonds and tangled with 

hemicellulose molecules to form a highly crystalline structure, which is surrounded by lignin 

(Badua, 2011). The relative composition of these polymers varies depending on the type, 

species, and the source of the biomass. 
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1.2.1 Cellulose 

Cellulose, comprising of about 41% of biomass, is the most abundant biopolymer 

found in nature. It is almost exclusively found in plant cell wall. Some animals, microalgae 

and a few bacterial species however can also synthesize cellulose (Romeo 2008). Cellulose is 

a highly recalcitrant substrate for enzymatic hydrolysis. It is a linear polymer consisting of up 

to 10,000 or more D-glucose molecules linked by β-1,4-glycosidic bonds. Because each 

glucose molecule is tilted by 180
0
 towards its neighbour, the repeating unit of cellulose is 

cellobiose; a simple disaccharide. As a result cellulose exhibits a high degree of 

polymerization. In contrast, the repeating units of other glucan polymers such as starch are 

made up of glucose, a monosachharide (Lamed and Bayer, 1988). Approximately 30 

individual cellulose molecules are assembled into larger units known as fibrils. Cellulose 

molecules in fibrils are oriented in parallel and maintained together by inter-chain hydrogen 

bonds and van der Waals interactions between pyranose rings. Although individually the 

hydrogen bonds are relatively weak, collectively they become strong associative force as the 

degree of polymerization increases (Beguin and Lemaire, 1996). The fibrils are composed of 

para-crystalline state, which adds to the structure rigidity of cellulose, and amorphous 

regions, which contains large voids for easy hydrolysis (Lamed and Bayer, 1988). The 

presence of hemicellulose and lignin however restricts cellulose accessibility to hydrolytic 

enzymes.  

1.2.2 Hemicellulose 

Hemicellulose is an amorphous and heterogeneous group of branched polysaccharides 

composed of both hexoses and pentoses. D-xylose and L-arabinose are the major constituents 

of pentosans (xylans), while D-glucose, D-galactose, and D-mannose are the constituents of 

hexosans (mannans). Hemicelluloses are composed both of neutral sugars and uronic acids.  
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The sugars are all present as their respective polysaccharides, i.e. xylan, araban, glucan, 

galactan, and mannan (substituted with acetyl groups). Hemicelluloses constitute on average 

about 26% of hardwood, 22% of softwood, and 30% of various agricultural residues. Most 

hemicelluloses are built up by β-l,4-linkages between  their  backbone sugars. Although 

hemicelluloses are not digestible by animals, they can be fermented by yeasts and bacteria. 

Hemicellulose generally surrounds the cellulose fibers and forms a linkage between cellulose 

and lignin. (Lynd et al., 1999; Marchessault and Sundararajan, 1993).  

1.2.3 Lignin 

Lignin is a highly complex three-dimensional polymer of different phenylpropane 

units bound together by ether and carbon–carbon bonds. Lignin is concentrated between the 

outer layers of the fibers, leading to structural rigidity and holding the fibers of 

polysaccharides together. Lignin content can range from 15-25% for most grasses and 

hardwoods, and up to 40% for softwoods (Keshwani, 2010). Lignin is much more resistant to 

microbial degradation than polysaccharides and other natural polymers (Abbas, 2003; Lynd 

et al., 1999; Marchessault and Sundararajan, 1993) and is devoid of any sugars. Some fungal 

species have however been shown to decompose lignin (Vane et al., 2001).  
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Figure 1.1  Schematic representation of lignocellulose (Rubin 2008). 
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1.3 Biomass to Bioethanol Conversion Schemes 

Bioethanol is the most widely used liquid biofuel in the world.  It has a higher octane 

rating than gasoline allowing combustion engines to run and withstand higher compression 

ratios before detonating and thus providing superior engine performance. Ethanol is used as 

an oxygenated gasoline additive to reduce emissions of carbon monoxide, carbon dioxide, 

nitrous oxides and hydrocarbons (Lynd et al., 1991).  Currently Brazil and the USA are the 

largest users and producers of bioethanol, and together both countries were responsible for 

approximately 87% of the world's ethanol fuel production in 2011 (Renewable Fuel 

Association, 2012). While the most popular ethanol-gasoline blends used in North America 

are E10 and E85, which contain 10% and 85% (v/v) ethanol, respectively (Wheals et al., 

1999), cars able to run using 100% ethanol have been introduced in Brazil. Demand for 

ethanol as a transport fuel led to the increase in production of ethanol from 17 billion to more 

than 52 billion liters between 2000 and 2007.  Bioethanol is commercially produced in North 

America and Brazil from agricultural feedstocks such as corn (maize) and sugarcane, so 

called 1
st
 generation biofuels. The use of food crops for bioethanol production has led to the 

fuel versus food debate. This allowed research into the commercial production of 2
nd

 

generation ethanol from cellulosic biomass feed stock.  

Industrially, biomass is converted to ethanol, based on the fermentation of biomass 

sugars. The process primarily includes biomass pretreatment, enzymatic hydrolysis of 

cellulose and hemicellulose to simple sugars and fermentation of these sugars to liquid fuel 

products (Hahn-Hagerdal et al., 2006). The last step involves separation of the products and 

collection of ethanol (Cardona and Sanchez, 2007). The strategies currently employed to 

produce industrial scale biofuel from cellulosic biomass utilize, simultaneous saccharification 

and fermentation (SSF) or simultaneous saccharification and co-fermentation (SSCF) 

techniques (Sutton, 2011). SSF consolidates hydrolysis and fermentation of cellulose 
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hydrolysis products into one process step, with cellulase production and fermentation of 

hemicellulose hydrolysis products occurring in two additional discrete process steps. SSCF 

on the other hand involves two process steps: enzyme production and a second step in which 

hydrolysis and fermentation of both cellulose and hemicellulose hydrolysis products occurs. 

Both SSF and SSCF require extensive cellulosic feedstock pre-treatment strategies, and the 

addition of exogenous cellulolytic enzymes to hydrolyze cellulose in to simple sugars for 

fermentation. This accounts for large portion of the cost involved for biofuel production 

(Cardona and Sanchez, 2007). Potential single step conversion of biomass to biofuels  

afforded by consolidated bioprocessing (CBP) (3
rd

 generation biofuels; Carere et al., 2008) 

would provide an alternative cost effective cellulose processing strategy, in which enzyme 

production, substrate hydrolysis and fermentation are all carried out in a single step process 

by microorganisms that express both cellulolytic and hemicellulolytic enzymes (Lynd et al., 

2005; Demain et al., 2005). CBP is considered a potential breakthrough for saving cost of 

investing in a multistep process and in expensive pretreatment steps. In addition, the use of 

costly enzymatic cocktails for saccharification of the biomass can potentially be minimized or 

eliminated (Lynd et al., 2008; Lynd et al., 2002). It is estimated that CBP can reduce the cost 

of biomass processing to biofuel by 41% (Lynd et al,. 2008). Successful implementation of 

CBP however requires bioprospecting for microorganisms capable of efficient biomass 

hydrolysis and biofuel production, an understanding of the metabolism of cellulolytic 

bacteria, and the development of novel microorganisms into industry-relevant microbes as 

monocultures or as co-cultures. 
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1.4 Cellulolytic Microorganisms and Their Enzymes 

1.4.1 Microorganisms Involved in the Degradation of Cellulosic Biomass 

In nature, cellulosic biomass is degraded by a variety of fungi, archaea and bacteria 

that utilize it as a carbon source. These micro-organisms produce a complex combination of 

hydrolytic enzymes (cellulases, hemicellulases and pectinases) that act synergistically to 

breakdown cellulose and its associated cell wall components (Watanabe and Tokuda, 2001). 

Cellulolytic microorganisms can be found in all biota where cellulosic waste accumulates 

(soil, sewage, compost, wood, mud, termite gut, rumen, etc). They usually occur in mixed 

populations comprising cellulolytic and non-cellulolytic species, which often interact 

synergistically. These interactions lead to the complete degradation of cellulose. Cellulolytic 

organisms mainly exist within the Phyla Actinobacteria, Bacteroides, Fibrobacteres, 

Firmicutes, Proteobacteria, Spirochaetes, and Thermotogae. The vast majority (80%) of these 

species, however, are found within the Phyla Actinobacteria and Firmicutes. Of these, the 

gram positive cellulolytic bacteria are found within the Firmicutes and belong to the Class 

Clostridia and Genus Clostridium (Bergquist et al., 1999). 

Among aerobic cellulolytic soil bacteria, several species belonging to the genera 

Cellulomonas, Pseudomonas, Thermomonospora, and Microbispora have been studied in 

detail (Lamed and Bayer, 1988). Generally, in aerobic conditions, cellulose is converted to 

water and carbon dioxide. In anaerobic cellulose degradation, ethanol and hydrogen are also 

produced. Clostridium thermocellum, an anaerobic, thermophillic, cellulolytic bacterium has 

been extensively studied for potential industrial applications in biofuel production through 

CBP (Lynd et al., 2002; Demain et al., 2005). Fibrobacter succinogens, Ruminococcus albus, 

and R. flavifaciens are considered as the primary organisms responsible for degradation of 

plant cell walls in the rumen. These bacteria have been shown to harbor a complete set of 

polysaccharide degrading enzymes (Wang and McAllister, 2002).  
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1.4.2 Enzyme Systems Involved in the Degradation of Plant Cell Wall 

Converting cellulosic biomass in plant cell wall substrates is of crucial importance for 

the carbon cycle and for economic success. Bacteria and fungi that decompose plant cell wall 

polysaccharides efficiently employ a multitude of enzymes, otherwise known as carbohydrate 

active enzymes (CAZymes; Cantarel et al., 2009). These highly specialized enzymes systems 

include the cellulases, hemicellulases, and other related glycoside hydrolases (GHs), as well 

as the polysaccharide lyases, glycosyl transferases, carbohydrate esterases and enzymes with 

auxiliary activities. These enzymes act synergistically to breakdown cellulose and its 

associated cell wall components. While CAZymes represent a significant proportion of 

protein encoding genes in any given genome, the number and types of extracellular GHs 

produced by biofuels producing Firmicutes indicates the extent of their lignocellulose 

hydrolysis capabilities.  

1.4.2.1 Glycoside Hydrolases 

Figure 1.2 shows a schematic structure of a hypothetical clostridial glycoside 

hydrolase. Many extracellular GHs of the anaerobic bacteria have a modular structure: that is, 

they consist not only of a catalytic module but of a complex arrangement of different 

modules. The enzymes may have one or even more than one catalytic module(s) and can be 

accompanied by one, several, or all of the following modules: carbohydrate binding (CBM), 

immunoglobulin (Ig)-like, dockerin (Doc), fibronectin type III (Fn3), and Surface-layer 

homology (SLH). These modules have independent folding units that are often covalently 

linked by flexible links of amino acids. Because of the presence of several modules, these 

enzymes are often quite large, and may consist of more than 1,000 amino acids with a 

molecular mass of more than 100 kDa.  
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Figure 1.2  Schematic representation of the modular structure of a hypothetical clostridial 

glycoside hydrolase. 
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In general, the non-catalytic modules may support, or even modulate, the activity of 

the catalytic modules, which are responsible for hydrolysis of the glycosidic bonds. 

Functionally, the most important and best-characterized non-catalytic module in the 

extracellular enzymes of the clostridia is the CBM. The function of Doc module will be 

discussed in the cellulosome section below. The function of Ig has not yet been successfully 

addressed and, very little is known about the function of Fn3 module. Earlier it was reported 

that the Fn3 modules serve as spacers or linkers allowing optimal interaction between the 

catalytic modules and the CBM (Little et al., 1994; Watanabe et al., 1994). However, 

Kataeva et al. (2002) used scanning electron microscopy and X-ray diffraction studies, to 

show that the two Fn3 modules of the multi-modular cellobiohydrolase CbhA of Clostridium 

thermocellum are able to modify the surface of cellulose that had been loosened up and 

crenulated, and thus promote hydrolysis by the catalytic domain. 

1.4.2.2 Carbohydrate Binding Modules (CBMs)  

The CBMs are proteins of about 35-180 amino acid residues that are generally 

appended to glycoside hydrolases that degrade insoluble polysaccharides. CBMs target the 

enzyme in a non-catalytic way and guide them to suitable areas on the surface of the substrate 

where they will be most active. This results in increased concentrations of the enzyme on the 

substrate surface and improves substrate interaction (Boraston et al., 2004). Just like GHs, the 

CBMs are divided into families based on their amino acid sequence similarity (Boraston et al. 

2004). Not all CBMs bind cellulose, as many families contain chitin, xylan, or mannose 

binding domains. Aerobic fungi bear CBMs from Family 1, which are very small (about 35 

amino acid residues). The important CBMs of bacterial cellulases are often from Family 2 or 

3, which are much larger, comprising approx. 100-150 amino acid residues, respectively. All 

cellulose binding CBMs, despite their size differences, exhibit a strip of conserved aromatic 

amino acid residues located on a relatively flat surface (Guillén et al., 2010). These align with 
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the hydrophobic side of the glucose rings along the length of a single cellodextrin lying on 

the cellulose surface, thus providing the structural rationale for substrate binding of the CBM, 

the parent enzyme, the cellulosome (discussed below) or the entire microbial cell (in cases 

where the CBM have lectin like specificity and bind to the cell surface via cell surface 

glycans) (Boraston et al., 2004).  

1.4.2.3 The Surface Layer Homology Domain (SLH) 

SLH modules are found in proteins from phylogenetically unrelated bacteria e.g., 

Gram-positive and Gram-negative bacteria. These modules are present in three types of 

proteins: surface-layer (S-layer) proteins, extracellular enzymes/proteins, and outer 

membrane proteins (Engelhardt and Peters, 1998). The SLH module in most cases is present 

in three copies of about 50–60 residues each. Even though the overall similarity of SLH 

modules in proteins from different organisms is low, they do however contain at least two 

highly conserved motifs, a FxDV motif at the N-terminus and an TRAE motif at the C-

terminus (Schwarz et al., 2004; Lupas et al., 1994).  

 In S-layer and outer membrane proteins, the SLH modules are generally located at the 

N-terminus and in enzymes at the C-terminus. Their role in serving as an anchor to the cell 

wall for the different protein types has been widely explored (Brechtel et al., 1999; Lemaire 

et al., 1995). Although it was originally proposed that SLH modules bind to peptidoglycan, it 

is now evident that the secondary cell wall polymer, teichuronic acid,  serves as the anchoring 

structures for SLH modules in the Gram-positive cell wall (Sara, 2001).The SLH-mediated 

anchoring mechanism is one of several, but highly conserved, strategies bacteria have 

developed to display proteins on their surface. In clostridia, SLH modules are found in 

several glycoside hydrolases (e.g., cellulases, xylanases, amylase-pullulanases) (Fuchs et al., 

2003; Matuschek et al., 1996). Generally, enzymes can be attached to the cell wall via SLH 
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modules either directly, mediated by a linker protein, or as part of a multienzyme complex 

(Schwarz et al., 2004). 

1.5 Mechanisms of Cellulose/Hemicellulose Hydrolysis 

To thrive in their environment, cellulolytic microorganisms have developed several 

strategies for biomass hydrolysis. These organisms secrete non-complexed (hemi) cellulolytic 

glycoside hydrolases as single enzymes or enzymes with multiple catalytic sites (Free 

enzymes) and as enzymes in extracellular multi-enzyme complexes (complexed enzymes). 

Enzymes with multiple catalytic sites have multifunctional properties, distinct CBMs and 

exist in both free and cellulosomal enzyme systems. The presence of two different enzymes 

on the same polypeptide chain may suggest concerted action on a given portion of 

lignocellulolytic substrate. Based on their primary catalytic domains, four classes have been 

identified and are reviewed in detail by Himmel et al., (2010). These include: i) Cellulase-

cellulase systems which have been identified in Acidothermus cellulolyticus and may include 

two or more cellulases such as the catalytic GH5, GH6, GH9, GH48 and other ancillary 

modules; ii) Hemicellulase-hemicellulase systems comprise two or more modules of 

hemicellulases, GH10, GH26, GH43 and GH54 and CBMs 6, 22, and 30 which are related to 

the binding of various hemicelluloses. This type of enzyme system has been identified in 

Caldicellulosiruptor spp.; iii) Cellulase-hemicellulase systems constitute in addition to CBMs 

3 and 30 capable of binding both to cellulose and hemicellulose, a mixture of cellulase 

catalytic modules (GH9 and GH48) and hemicellulase catalytic modules (GH10 and GH44); 

and iv) Hemicellulase-carbohydrate esterase systems, which consist of hemicellulase catalytic 

modules (GH5, GH10, GH11, GH43 and GH53 and carbohydrate esterase modules (CE1, 2, 

3 and 4), as well as CBMs 3, 6 and 22. One of C. thermocellum cellulosomal enzyme has a 

combination of xylanase and CE1 feruloyl esterase on the same polypeptide chain.  
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1.5.1 Non-complexed Glycoside Hydrolases (Free enzyme systems) 

  In cellulolytic bacteria, all cellulose hydrolysing enzymes (the cellulases) hydrolyse 

the same type of bond of the cellulose chain, i.e., the β-1,4 glycosidic bond, but they use 

different modes of action. Based on their mode of catalytic action, these enzymes have been 

classified into three distinct classes: i) Endo-β-(1,4)-glucanases (endoglucanases); EC 3.2.1.4. 

These randomly hydrolyse the amorphous region of the fibrils generating oligosaccharides of 

various lengths and creating reducing and non-reducing ends; ii) Exo-β-(1,4)-glucanases 

(cellobiohydrolases). These act on reducing and non-reducing ends of cellulose, liberating 

glucose, cellobiose or other cellodextrins. This group includes both cellobiohydrolases (EC 

3.2.1.91) which liberates cellobiose in a processive manner from β-1,4-glucans, and 

cellodextrinases (EC 3.2.1.74), which liberate D-glucose from β-1,4-glucans; and iii) β-

glucosidases (EC 3.2.1.21) which act to release D-glucose units from cellobiose and soluble 

cellodextrins, as well as other glycosides.  

Structurally, all endoglucanases have open active sites which are cleft like in 

topology. This is probably why a cellulose chain can be accessed in a random fashion by 

endoglucanases and, bond cleavage can occur anywhere along the cellulose chain (Wilson, 

2008; Wilson, 2012). In contrast, exoglucanases have a tunnel shaped active site, formed by 

long loops of protein molecule that fold over the active residues (Davies and Henrissat, 

1995). As with CBM domains, the active sites contain aromatic residues, usually tryptophan, 

that stacks against the glucose residue. Consequently, once a cellulose chain is bound, it is 

fed into one end of the tunnel through the active site, and subsequently cleaved inside the 

tunnel to release cellobiose product from the other end (Rouvinen et al., 1990). Successive 

cleavage events continue processively in a unidirectional manner until the entire strand is 

hydrolysed (Teeri, 1996).  
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It has been shown by Li et al. (2007), that some endoglucanases, such as some 

members of GH9 family, can exhibit a processive action on the substrate. These enzymes 

contain a subfamily of CBM 3, termed CBM3c, which is fused tightly to the catalytic module 

via a characteristic linker segment. The GH9-CBM3c complex work in coordination, where 

the CBM3c feeds a single cellulose chain into the active site cleft of the endoglucanase, 

thereby modifying its character from a simple endoglucanase to an endoglucanase that acts 

successively to hydrolyze the entire chain. 

Unlike microbial degradation of cellulose, bacteria and fungi produce many more 

different types of hemicellulases that act efficiently to break down various types of 

hemicellulose. Hemicellulases can be grouped into three types: i) Endo-acting enzymes, 

which attack polysaccharide chains internally. These enzymes exhibit very little activity on 

short oligomers; ii) Exo-acting enzymes which tend to act processively (as in exoglucanases) 

from either the reducing or non-reducing ends and have a preference for shorter chains; and 

iii) Accessory enzymes, which include a variety of acetyl esterases, lyases and esterases such 

as coumaric acid esterase and ferulic acid esterase, which hydrolyze lignin linked glycoside 

bonds (Tenkanen et al., 1992).  

The complex nature of hemicellulose structures requires a high degree of coordination 

between the enzymes involved in hemicellulose degradation. In the case of xylan hydrolysis 

for example, microbial enzymes act cooperatively to convert it into simple sugars. These 

enzymes include β-1,4-endoxylanase which cleave internal glycosidic bonds within the xylan 

backbone, α-L-arabinofuranosidase hydrolyses arabinose side chains, α-glucuronidase 

removes glucoronic acid side chains from the xylose units, acetyl-xylan esterase release 

acetate groups and β-xylosidase hydrolyse xylobiose to xylose.  Ferulic and p-coumaric acids 

are removed by phenolic acid esterases (Beg et al., 2001). Even though the structure of xylan 

is more complex than cellulose and a large number of different enzymes are required for 
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efficient hydrolysis, the polysaccharide does not form tightly packed structures and is thus 

more accessible to hydrolytic enzymes. Consequently, the specific activity of xylanases is 

considered to be 2-3 orders of magnitude greater than for cellulase hydrolysis of cellulose 

(Gilbert and Hazelwood, 1993). 

1.5.2 Complexed Enzyme Systems (Cellulosomes) 

Early studies on the cellulolytic system of the anaerobic thermophillic bacterium 

Clostridium thermocellum revealed that true cellulase activity was part of a large multi-

enzyme complex termed the cellulosome (Lamed et al., 1983). Over the years, a range of 

anaerobic bacteria and fungi were shown to produce cellulosome systems similar to those of 

C. thermocellum, particularly the bacteria Clostridium cellulovorans, Clostridium 

cellulolyticum, Clostridium acetobutylicum, Clostridium josui, Clostridium papyrosolvens, 

Acetivibrio cellulolyticus, Bacteroides cellulosolvens, Ruminococcus albus, Ruminococcus 

flavefaciens, and the anaerobic fungi of the genera Neocalimastix, Piromyces, and 

Orpinomyces (Bayer et al., 2004). The genome sequences of most of these are already 

known, and others will follow soon. Sequence analysis will provide a better view of the 

molecular components of the cellulosome of each organism.  

Cellulosomes harbour a large variety of lignocellulolytic enzymes such as cellulases, 

hemicellulases, carbohydrate esterases, polysaccharide lyases, lichenases, pectinases, 

chitinases etc. that have activity against various components of lignocellulosic biomass 

(Raman et al., 2009; Kosugi et al., 2002; Tamaru and Doi, 2001; Morag et al., 1990).  

Members of the same CAZy families of cellulases and hemicellulases that are involved in the 

free enzyme systems of bacteria also serve as cellulosomal enzymes, except GH6 enzymes, 

which occurs both in fungi and bacteria but have not been found in native cellulosome 

systems (Himmel et al., 2010). Complexed enzyme systems are ecologically advantageous 

for cellulolytic bacteria because hydrolysis by cellulosomes requires direct attachment of the 
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cell-bound cellulosome to cellulosic substrate thereby minimizing diffusion of soluble cello-

oligosaccharides in to the environment and ensuring efficient uptake of hydrolysis products 

into the cell. Furthermore, cellulosomes promote synergism of enzymatic components and 

increases competitiveness of substrate utilization in natural environment (Lynd et al., 2002). 

The cellulosome of C. thermocellum (Figure 1.3) is perhaps the most extensively 

studied and can be seen microscopically as proturbances of the outer most layer of the cell 

envelope. The proturbances elongate and form filamentous protractions tethering the cells to 

the substrate. Cellulosomes may act as contact corridors enabling diffusion of soluble 

degradation products from the cellulose substrate in to the cell. Cellulosomes can, however, 

detach from the cells in the latter part of the growth phase and hydrolyse the substrate 

independently (Bayer and Lamed, 1986). In general, the multienzyme cellulosome complex is 

composed of two major subunits: the non-catalytic scaffoldin (CipA) and the catalytic 

enzymes. The scaffoldin contains functional modules that carry out various activities. These 

modules include a single cellulose binding module (CBM) and varying numbers (1 to 11, but 

usually higher than 4) of type 1 cohesin domains which interact with multiple cellulosomal 

enzymes (Bayer and Lamed, 1986).  

In many aspects, cellulosomal enzymes are very similar to their free counterparts 

except that they possess an additional domain called dockerin type 1, that binds tightly with 

the type 1 cohesin of the scaffoldin, thereby governing the assembly of the complex (Miras et 

al., 2002). Dockerin modules are usually present in a single copy at the C-terminus of 

cellulosomal enzymes. Significantly, cohesin domains in any given scaffoldin, in a particular 

Clostridium species, are unable to discriminate between the dockerins present in the various 

cellulosomal enzymes (Ciruela et al., 1998), suggesting that cellulosome complexes may 

comprise a different ensemble of catalytic subunits that is influenced by the induction of 

specific genes by the type of substrate present.  This is, however, not true between species, 
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where the dockerin domains of one organism do not cross-react with the cohesin domains of 

another, suggesting organism dependent dockerin – cohesion specificity/interactions 

(Mechaly et al., 2001).  

The interaction of the cellulosome complex with cellulose is mediated by the 

scaffoldin-borne CBM, which serves to deliver the entire complement of cellulosome 

enzymes to the lignocellulosic substrate. The attachment of the cellulosomes to the cell 

surface is in most cellulosome producers mediated by type II dockerin domain located on the 

scaffoldin. Type  II dockerin domain do not bind to type 1 cohesins, but instead interacts with 

the complementary type II cohesions of cell surface anchoring proteins (Beguin and Lemaire, 

1996). The majority of the anchoring proteins (encoded by Orf2, SdbA, OlpB and OlpA in C. 

thermocellum) are non-covalently bound to the peptidoglycan cell wall via repeats of surface-

layer homology (SLH) modules, thereby incorporating the cellulosomes into the bacterial cell 

surface (Demain et al., 2005). Anchoring proteins OlpA and OlpC do not have a type II 

cohesin domain, and may allow direct adherence of dockerin containing cellulosomal 

enzymes via the single C-terminal cohesin I domain (Raman et al., 2009). Anchoring 

scaffoldin Cthe_ 0736 harbours more than one type II cohesion domain and appear to 

contribute to the assembly of polycellulosomes that may contain up to 63 catalytic subunits. 

Lack of SLH domain in Cthe_0736 suggests the formation of extracellular cell free 

complexes (Fontes and Gilbert 2010). In the case of Clostridium cellulovorans, there is no 

evidence for the presence of type II dockerin domains. However, a cellulosomal cellulase 

EngE was found to contain both a dockerin domain that binds the scaffoldin, and three 

repeated SLH domains, which are thought to contribute to the anchoring of the complete 

cellulosome on to the bacterial cell surface (Kosugi et al., 2002). Similarly, analysis of the C. 

cellulolyticum genome has so far failed to identify genes that may encode any cellulosome 

anchoring proteins (Belaich et al., 1997; Ferdinand et al., 2013).  
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Genome sequencing and biochemical analyses have provided novel information on 

the architecture and components of cellulosome systems from different cellulolytic bacteria. 

This has enabled bacterial cellulosomes to be classified into two types: i) those that present 

multiple types of scaffoldin, such as those of C. thermocellum; and ii) those that contain a 

single scaffoldin, which are characteristic of most mesophilic clostridia (Fontes and Gilbert, 

2010). Furthermore, the cellulosomes produced by Acetovibrio cellulolyticus, Bacteroides 

cellulosolvens, and Ruminococcus flavefaciens are of a more complex nature and differ in 

organization from the commonly known cellulosomes of C. thermocellum and C. 

cellulolyticum (Fontes and Gilbert, 2010). 
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Figure 1.3  Diagrammatic representation of the cellulosome components of C. thermocellum. 

Enzymatic components produced by anaerobic bacteria contain a dockerin domain type I, 

which bind to the cohesins of a non-catalytic scaffoldin (CipA), providing a mechanism for 

cellulosome assembly. Scaffoldins also contain a cellulose-specific Family 3 CBM 

(carbohydrate binding module) and a C-terminal dockerin domain type II that targets the 

cellulosome to cellulose and the bacterial cell envelope via the cohesion type II domains, 

respectively. Anchoring proteins OlpA and OlpC contain a single type I cohesion domains for 

incorporating single enzymes. OlpB and Cthe_0736 contain several type II cohesion domains 

and can therefore potentially form polycellulosomes (Fontes and Gilbert 2010). 
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Even though the cellulosomes of B. cellulosolvens and C. thermocellum are similar in 

architecture and are able to form polycellulosomes, the primary scaffoldin in B. 

cellulosolvens contains type II cohesins and a type I dockerin, while the anchoring scaffoldin 

contains type I cohesins. It remains unclear, however, if the reverse disposition of type I and 

type II cohesins has any biological significance (Xu et al., 2004). In the case of A. 

cellulolyticus, two distinct cellulosome systems with three different cohesin-dockerin 

specificities have been identified. The two systems are able to bind up to 113 enzymes at any 

given time (Xu et al., 2004). The cellulosome system of R. flavefaciens strain FD-1 is 

probably the most intricate, and potentially versatile cellulosomal complex described to date. 

Three of the five structural cellulosome components ScaA, ScaB, and ScaE have cohesin 

modules that are phylogenetically distinct from the previously described type I and type II 

cohesins and are classified into type III cohesins (Rincon et al., 2005). The functional 

significance for the large array of scaffoldins in different cellulolytic bacteria, which leads to 

highly complex cellulosome structures, is currently unclear (Alber et al., 2009). Significantly, 

cellulosome structural organization varies between strains, and this cellulosome heterogeneity 

may reflect the complexity and diversity of the lignocellulosic substrates found in different 

ecological environments. 

1.5.3 Attachment of Free GHs and Cellulosomes to the Bacterial Cell Surface 

In addition to the cohesin- dockerin interactions of the cellulosome described above, 

some individual enzymes can interact non-covalently either with the peptidoglycan layer or 

with secondary cell wall polymers of the bacterial cell surface via a C-terminal SLH module 

(Sleytr et al., 2001). This phenomenon has been observed in at least two C. thermocellum 

enzymes, a xylanase and a lichenase (Zhao et al., 2006). Single GHs from several other 

plant cell wall degrading bacteria such as C. stercorarium and C. josui have also been shown 

to carry SLH domains (Ali et al., 2001; Feng et al., 2000).  
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In R. flavefaciens, the cellulosome is attached covalently to the cell surface via the 

scaffoldin ScaE, which contains a sortase signal motif at its C-terminus. Similar sortase 

signal motifs have been identified in other cell surface proteins and in at least one GH 

(GH10 Xylanase) from this cellulose degrader. This may represent a more common mode of 

enzyme attachment to the bacterial cell surface (Rincon et al. 2005).  

CBMs, classified as Family 37, have recently been discovered and implicated in the 

non-covalent attachment of cell wall degrading enzymes to the bacterial cell surface in the 

rumen bacterium R. albus strain 8 (Ezer et al., 2008). Similarly, in the soil bacterium, 

Amycolatopsis orientalis, the CBM35 component of exo-D-glucosaminidase, CsxA, has 

been shown to anchor the enzyme to the bacterial cell wall via its capacity to bind uronic 

acid sugars (Montanier et al., 2009). In the case of R. albus, the draft genome sequence 

shows that at least 40 proteins contain CBM37, with half of them classified as putative 

carbohydrate acting enzymes (Xu et al., 2004; Ezer et al., 2008). Even though no cohesin 

domains and scaffoldin have been identified in this bacterium, many of the GHs, however, 

do contain dockerin domains. If R. albus populates the rumen in multiple strains, as is the 

case with R. flavefaciens, then it is quite possible that this strain may produce and secrete 

various dockerin bearing proteins while other strains produce complimentary cohesion 

containing scaffoldin, thus providing a synergestic action in degrading plant cell walls 

(Himmel et al., 2010). 

1.5 Role of Proteomics and Transcriptomics Studies in Assessing Lignocellulolytic 

Ability. 

While genome sequencing studies have identified genes encoding a diversity of 

CAZyme in a variety of organisms, presence of a gene however does not warrant actual 

production of protein, nor does it adequately indicate the expression profile of the genes 

under a given condition. In the last decade, “omics” based technologies such as proteomics 
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and transcriptomics, have progressed rapidly and have been applied to elucidate mechanisms 

of biomass destruction by examining the expression and dynamics of complexed and non-

complexed CAZymes in different microbes under different substrate conditions (Zverlov et 

al. 2005; Raman et al., 2009; Raman et al., 2011; Xu et al., 2013; Wei et al., 2014). This is 

important because, in addition to bioprospecting and identifying strains with maximum 

lignocellulose hydrolytic capability, which will be potentially useful in CBP, understanding 

the expression of various glycoside hydrolases under various conditions may help identify 

specific limitations that can be resolved through targeted strategies. 

Proteomic analysis was conducted to assess quantitative alterations in the expression 

patterns of catalytic subunits within cellulosomes of C. thermocellum grown on either α-

cellulose or cellobiose (Gold and Martin, 2007). Of the 41 cellulosomal proteins detected, 16 

new subunits were identified. Varying differences were observed in protein expression from 

cells grown on the two substrates. However, Glycoside hydrolase family 9 were the most 

abundant group of enzymes when cells were grown on cellulose, while hemicellulases were 

the most abundant group on cellobiose. Proteomic studies were similarly employed to 

examine the cellulosome composition of C. thermocellum ATCC 27405 grown on a variety 

of carbon sources, dilute-acid pretreated switch grass, cellobiose, amorphous cellulose, 

crystalline cellulose (Avicel) and combinations of crystalline cellulose with pectin or xylan or 

both (Raman et al., 2009).  

The quantitative results suggest a coordinated substrate-specific regulation of 

cellulosomal subunit composition in C. thermocellum to better suit the organism's needs for 

growth under specific carbon source conditions. Interestingly, xylanases were expressed 

highly on cellobiose and showed decreased expression during growth on pretreated 

switchgrass which contains xylan relative to growth on cellulose. While this suggests xylan 

independent expression of xylanases, the increased expression of cellulases observed on 
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polymeric cellulose compared to cellobiose suggests cellulase production is connected with 

the presence of cellulose and not its hydrolysis products. Contrary to expression in C. 

thermocellum, endo- and exo-glucanases in C. obsidiansis secretomes showed increased 

expression on cellobiose relative to cellulose grown cells suggesting that cellulose hydrolysis 

products induce rather than repress cellulases (Lochner et al., 2011). This indicates that 

significant differences exist in hydrolytic mechanisms of different Firmicutes, which need to 

be thoroughly understood before industrial processes may be developed. 

More recently, the transcriptional profiles of C. thermocellum grown on cellobiose 

and pretreated yellow poplar indicated increased expression of 47 cellulosomal protein 

encoding genes that included, among others, both cellulases and hemicellulases on pretreated 

yellow popular compared to cellobiose. In addition to other genes, genes for glycosidase 

regulation were also identified and up regulated, which could be important for studying 

regulatory mechanisms in this organism (Wei et al., 2014).  Furthermore, the secretomes of 

various bacteria and fungi have been analysed in order to examine secreted lignocellulolytic 

enzymes (Adav et al., 2012; Lochner et al., 2011; Adav et al., 2010). Secretome analysis of 

Caldicellulosiruptor bescii and Caldicellulosiruptor obsidiansis, during growth on crystalline 

cellulose identified more than 400 proteins, of which the most abundant were multidomain 

glycosidases belonging to GH Family 5, 9, 10, 44, or 48. In addition to their orthologous 

cellulases, the organisms expressed unique glycosidases with different domain organizations: 

C. obsidiansis expressed the COB47_1671 protein with GH10/5 domains, while C. bescii 

expressed the Athe_1857 (GH10/48) and Athe_1859 (GH5/44) proteins (Lochner et al. 

2011).  

‘Omics technologies have been similarly used to examine expression and regulation 

of GH production in fungal species (Martinez et al. 2009). The transcriptomes of the 

softwood-degrading white-rot fungus, Phanerochaete carnosa, were evaluated to identify 
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enzymes capable of reducing recalcitrance of softwood resources. Of the 30 transcripts that 

were on average over 100 times more abundant during growth on wood than on nutrient 

medium, 5 were cellulases and 2 were hemicellulases. Overall, transcripts predicted to 

encode lignin-degrading activities were more abundant than those predicted to encode 

carbohydrate-active enzymes (MacDonald et al. 2011). Coupling enzymes with different 

functions and specificities from divergent organisms through genetic engineering or through 

co-culturing, is a promising potential strategy to improve lignocellulosic biomass hydrolysis. 

1.6 Regulation of carbohydrate active enzyme synthesis 

The production of extracellular CAZymes is an energy-consuming process. These 

enzymes are therefore only produced when the bacteria needs to use cellulosic substrates as 

an energy and carbon source-so called induced expression. Studies in C. thermocellum have 

shown that cellulase synthesis and the assembly of cellulosomes, is inhibited in the presence 

of soluble sugars such as cellobiose compared to growth on crystalline cellulose. This 

suggests that the expression of cellulolytic enzymes is controlled by carbon catabolite 

repression (CCR) mechanism (Johnson et al., 1985; Demain et al., 2005; Zhang and Lynd, 

2005) where CCR related regulators sense intracellular glucose or cellodextran levels and 

control CAZyme expression. A similar phenomenon was observed in Clostridium 

acetobutylicum, Clostridium cellullyticum and Clostridium cellulovorans, where cellulases 

were repressed under glucose and de-repressed upon glucose exhaustion (Han et al., 2003; 

Abdou et al., 2008; Servinsky et al., 2010).  

Additionally, a number of membrane associated anti-sigma factors, and two 

component regulatory systems (TCSs) have been implicated in extracellular carbohydrate 

sensing and CAZyme gene regulation in cellulolytic Clostridia. Kahel-Raifer et al. (2010) 

identified several putative bicistronic operons in the genome of C. thermocellum, with each 

encoding an anti-sigma factor, which senses the presence of various polysaccharides in the 
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extracellular environment via its CBM, GH10, GH5 and PA14 domains (Bahari et al., 2011), 

and an alternative sigma factor which mediates the intracellular activation of appropriate 

CAZyme genes. Furthermore, TCSs have been implicated to induce the regulation of both 

cellulosomal (xyl-doc cluster) and non-cellulsomal CAZymes and associated transporters in 

C. cellulolyticum (Xu et al., 2013). From an ecological point of view, environment sensing 

coupled with CAZyme expression may be crucial for cellulose utilization in order to survive 

in the natural competitive environment. 

1.7  Metabolism and Ethanol synthesis in Cellulolytic Clostridia 

Ethanol, in cellulolytic bacteria, is produced by the fermentation of ingested sugars. It 

is therefore crucial to characterize and understand the metabolic pathways and genes involved 

to develop metabolic engineering strategies and for manipulating fermentation conditions for 

optimum yields (Carere et al., 2012). Technologies such as proteomics and transcriptomics 

have been used to help elucidate fermentation pathways involved as well as identify 

engineering targets (Raman et al., 2011; Rydzak et al., 2012).  

1.7.1 Substrate Uptake 

Following the extracellular hydrolysis of biomass by an array of CAZymes, the 

released sugars such as glucose, xylose and cellodextrins are usually taken up by the bacteria 

via sugar-specific ATP-dependent ABC transport systems (Strobel et al. 1995; Gu et al. 

2010; Verbeke et al. 2013). Following uptake, glucose is converted to glucose-6-phosphate 

via hexokinase, while cellodextrins are processed via intracellular cellobiose phosphorylase 

and cellodextrin phosphorylase, producing glucose-1-phosphate which is converted to 

glucose-6-phosphate via phosphoglucomutase, for entry into the glycolytic pathway. 

Research shows that transport of cellodextrins and intracellular cleavage by 

cellobiose/cellodextrin phosphorylases occurs at a faster rate than hydrolysis via β-

glucosidases and it is more energetically beneficial as lower amount of ATP is required than 
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for transport of glucose equivalents (Strobel 1995; Demain et al. 2005; Zhang and Lynd 

2005). Pentose sugars are metabolized by the pentose phosphate pathway and later on 

converted into the intermediates in the glycolysis pathway (Zeikus 1980)  

1.7.2 Carbohydrate Metabolism 

Glucose in anaerobic cellulolytic bacteria is metabolized to pyruvate via the Embden 

Meyerhof Parnas (EMP) pathway (Figure 1.4), which produces part of reducing equivalents 

(NADPH and reduced ferredoxin) required for both hydrogen and ethanol synthesis (Lamed 

and Zeikus 1980). A net yield of 2 ATP and 2 NADH per glucose molecule are produced in 

EMP. Genomic analysis revealed that cellulolytic bacteria can convert fructose-6-phosphate 

to fructose-1,6-bisphosphate in a reversible reaction catalyzed by pyrophosphate (PPi)- 

dependent phosphofructokinase (PPiPFK) instead of the typical ATP-dependent 

phosphofructokinase (Carere et al., 2012), which is irreversible and rate limiting. Conversion 

by PPiPFK therefore increases the flexibility of glycolytic metabolism.    

 Phosphoenol pyruvate is converted to pyruvate via pyruvate kinase. However, several 

additional routes have been implicated in anaerobic celluloytic bacteria such as C. 

thermocellum (Rydzak et al., 2012) that do not encode a pyruvate kinase. In these bacteria 

conversion to pyruvate can occur via (i) pyruvate phosphate dikinase (PPDK), producing 

ATP and Pi from AMP, and PPi, (ii) PEP synthase (PEPS) which produces ATP and H2O 

from AMP, and Pi, (iii) PEP carboxykinase (PEPCK), which converts PEP to oxaloacetate 

which is subsequently converted either directly to pyruvate via oxaloacetate decarboxylase 

(OAADC), generating ATP/GTP or indirectly through malate via malate dehydrogenase 

(MDH) and malic enzyme (MalE) producing NADPH (Carere et al., 2012; Sparling et al., 

2012; Rydzak et al., 2012). 

Achieving high ethanol yields in cellulolytic bacteria is hampered by alternative 

pathways that produce different acids as alternative end products in addition to ethanol. 



28 
 

Figure 1.5 shows the major fermentative pathways leading to the production of ethanol, 

lactate, formate, and acetate.  Cellulolytic Clostridia lack the enzyme pyruvate decarboxylase, 

which catalyzes the direct conversion of pyruvate to ethanol in bioethanol producing 

Zymomonas species and the yeast Saccharomyces cerevisiae (Bringermeyer et al., 1986; 

Pronk et al., 1996). Instead, celluloytic bacteria produce ethanol from pyruvate using acetyl-

CoA as an intermediate. Acetyl-CoA production is catalyzed by pyruvate formate lyase 

(PFL) generating formate, and pyruvate ferredoxin oxidoreductase (PFOR) producing CO2 

and reduced ferredoxin, in the process (Hartley and Shama 1987; Tang et al., 2009). The 

reduced ferredoxin generated can be re-oxidized via a hydrogen-ferredoxin oxidoreductase 

(hydrogenase) to produce hydrogen directly, or via a ferredoxin NAD(P) oxidoreductase 

(FNOR) to generate the reduced pyridine nucleotide. The activity of these oxidoreductases 

depends both on the bacterial species/strains and the growth conditions.  

In C. thermocellum, simultaneous production of both formate and hydrogen has been 

reported and attributed to the activities of PFL and hydrogenases (Sparling et al., 2006; 

Carere et al., 2008; Rydzak et al., 2012). Furthermore, pyruvate can be converted to lactate 

by the activity of lactate dehydrogenase (LDH) with the oxidation of NADH or further 

metabolized directly to acetate via acetate thiokinase (ATK) or indirectly via 

phosphotransacetylase (PTA) and acetate kinase (AK) with additional ATP gain. Ethanol is a 

key fermentation metabolite which is produced directly using a bifunctional 

acetaldehyde/alcohol dehydrogenase or indirectly by the action of NAD(P)H dependant 

acetaldehyde dehydrogenase (ALD) and a number of alcohol dehydrogenases (ADH) (Yao 

and Mikkelsen 2010). In C. thermocellum proteome, while a number of ADHs were 

expressed, the absence of an ALDH indicates ethanol production via bifunctional 

acetaldehyde/alcohol dehydrogenase (Rydzak et al., 2012). 
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Cellulolytic bacteria that are able to utilize pentoses, metabolize sugars such as xylose 

and arabinose by the non-oxidative pentose phosphate pathway (Figure 1.6). These sugars are 

eventually converted into intermediates in the glycolysis pathway (Zeikus 1980). The 

oxidative branch of the pentose phosphate pathway is commonly found in some yeasts and is 

important for the generation of NADPH and ribose 5-phosphate (Lamed and Zeikus 1980). 

NADPH in anaerobic cellulolytic bacteria is mainly produced by the enzyme ferredoxin 

oxidoreductase as mentioned above, while ribose 5-phosphate is generated in the non-

oxidative pentose phosphate pathway where xylulose5-phosphate is epimerized to ribulose 5-

phosphate and subsequently isomerized to ribose 5-phosphate. Fructose 6-phosphate and 

glyceraldehyde 3-phospate generated in the process are then channeled into the EMP pathway 

for conversion to different end products (Zeikus 1980).  
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Figure 1.4  Schematic representation of the Embden Meyerhof Parnas pathway in cellulolytic 

Clostridia. 
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Figure 1.5  Schematic representation of the pyruvate catabolism pathways in cellulolytic bacteria. 
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Figure 1.6  Schematic representation of the pentose phosphate pathway in cellulolytic bacteria. 
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1.8 Improving Cellulose Hydrolysis and Ethanol Production 

1.8.1 Variation in physio-chemical conditions 

Variations in fermentation conditions, such as pH and temperature, the addition of 

exogenous products to the growth medium, and the types of substrate used can affect cellulose 

bioconversion and synthesis of fermentation end products. Therefore, optimum growth 

conditions are crucial for effective hydrolysis and fermentation. For example in C. 

cellulolyticum, a decrease in pH resulted in a decrease in cellulose degradation and biomass 

formation (Desvaux et al., 2001), while an increase in the temperature led to a decrease in the 

enzyme activities of  both extracellular and cell bound Clostridium stercorarium beta-

glulcosidases, which requires a temperature of 65°C for activity.  The use of different types and 

concentrations of substrate greatly influences cellulase expression and end product synthesis. In 

C. thermocellum, growth on insoluble cellulosic substrates initiated the expression of 

cellulosomal enzymes and cellulases, while hemicellulase expression favoured growth on 

cellobiose (Wei et al., 2014; Raman et al., 2009; Gold and Martin, 2007).   

Levin et al., (2006) investigated the synthesis of hydrogen and end products in C. 

thermocellum cultured on a variety of cellulosic substrates at low (0.1 g/L), medium (1.1 g/L) 

and high (4.5 g/L) concentrations. Cellulosic substrates in high concentrations produced higher 

amounts of hydrogen, better yields were however observed at low and medium concentrations 

with delignified wood fiber being on the top of the list. Ethanol, formate and acetate were 

produced throughout fermentations and lactate production was observed when the pH dropped to 

6.3.  

In Thermoanaerobacter brockii, Benbassat et al., (1981) investigated the metabolic flux 

control of end-product formation from different carbon sources and noticed that glucose 
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fermentation was associated with increases in the accumulation of intracellular fructose 1,6-

diphosphate (F 1,6-DP) which consequently activates LDH and diverted the carbon flux to lactic 

acid formation compared to growth on starch.  

In C. thermocellum, an increase in the production of desired end-products has been 

accomplished by manipulating growth conditions. The addition of ethanol to the growth medium 

resulted in significant increases in hydrogen and acetate production. Similarly, addition of 

formate resulted in approximately 10% increase in both hydrogen and ethanol and a decrease in 

acetate production, while the addition of acetate increased ethanol production and decreased 

formate synthesis (Rydzak et al., 2011) 

1.8.2 Genetic Manipulation 

Complete understanding of the genomic sequences of cellulolytic microorganisms 

coupled with proteomics, transcriptomics and metabolomics is important in order to 

improve/increase the production lignocellulolytic enzymes and desired end products such as 

ethanol through metabolic engineering. Blocking undesirable pathways, gene knockout 

experiments, and over expression of genes associated with desirable pathways have been applied 

to both cellulolytic and non-cellulolytic organisms for enhanced production of desired products. 

Some examples include: i) expression of cellulases in S. cerevisiae (Petersen et al., 1998); ii) 

construction of ethanologenic E. coli KO11 and Klebsiella oxytoca M5A1 by the integration of 

ethanol producing Zymomonas mobilis genes (Ingram et al., 1998); iii) improved cellulase 

production and xylanase expression by the deletion of Cre1 and ACE1 genes from T. reesi (Aro 

et al., 2003; Kubicek et al., 2009); iv) expression of bacterial cellulase genes expressed 

efficiently in other microbial systems such as Penicillium crysogenum, T. reesei, Pseudomonas 

fluorescens, and yeast (Kumar et al., 2008); v) metabolic engineering of Corynebacterium 
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glutamicum to broaden its lignocellulosic substrate utilization for the production of fermentable 

sugar; and vi) construction of recombinant C. glutamicum strains by cloning the xylA and xylB 

genes encoding xylose isomerase from Escherichia coli  to enable the utilization of xylose as a 

carbon source (Kawaguchi et al., 2006).  

Cellulosome chimeras or “mini cellulosomes” have been produced that contain two or 

more cohesins of different specificities that anchor different dockerin containing enzymes in 

precise locations. Wieczorek and Martin (2010) reported the successful display of cellulosome-

inspired recombinant complexes on the surface of Lactococcus lactis as a key step in the 

development of recombinant microorganisms capable of carrying out a variety of metabolic 

processes, including the direct conversion of cellulosic substrates into fuels and chemicals. The 

efficiency of these recombinant molecules is however still much lower than naturally occurring 

cellulosomes. Nevertheless the same concept can be applied to generate cellulosomes integrating 

fungal and bacterial enzymes which display promise in biomass hydrolysis to increase hydrolytic 

activities (Fontes and Gilbert, 2010). 

In terms of engineering end product pathways, Tripathi et al. (2010) created a 

phosphotransacetylase negative C. thermocellum mutant with eliminated acetic acid production 

pathway. While no acetate production was observed during growth on cellobiose and Avicel, an 

increased ethanol yield of approximately 30% was observed under both conditions compared to 

the wild type. Growth defects were however detected which were suggested to improve by strain 

adaptation and evolution. In C. cellulolyticum, expression of pyruvate decarboxylase and alcohol 

dehydrogenase from Zymomonas mobilis, resulted in an increase in cellulose consumption by 

150% compared to the wild type strain and an increase in cell density by 180%. Production of 

acetate, hydrogen, and ethanol also increased by 93%, 75%, and 53%, respectively. Increased 
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cell growth was attributed to the increase in intracellular NAD
+
 cycling via alcohol 

dehydrogenase, which directed flux towards ATP producing pathways (Guedon et al., 2002). 

1.9 Research objectives 

Research in both native and recombinant microorganisms is currently underway to 

develop the ideal organism(s) for lignoellulosic biofuel production through consolidated 

bioprocessing. While physiological limitations exist that restricts their implementation as 

industry ready strains, characterizing naturally occurring Clostridia for their substrate hydrolysis 

and biofuel producing capabilities is highly desirable. The long-term objective of this research 

was, therefore, to characterize and evaluate naturally occurring bacteria for their ability to 

hydrolyse lignocellulosic substrates and produce ethanol via consolidated bioprocessing. 

Clostridium termitidis, strain CT1112, which was one of several organisms investigated at the 

University of Manitoba, and the focus of this thesis, is a mesophilic, cellulolytic, Gram-positive, 

anaerobic bacterium, initially isolated from the gut of a wood-feeding termite, Nasutitermes 

lujae. (Hethener et al., 1992). Ramachandran et al., (2008) evaluated its growth characteristics 

on cellulose and cellobiose. Very little was known, however, about C. termitidis in terms of its 

cellulase system or substrate hydrolysis abilities or the metabolic pathways involved in end- 

product formation. 

The short-term objectives of this thesis research, and the hypotheses underlying these 

objectives were: 

1) To elucidate the mechanism of substrate hydrolysis. The genes and gene products 

relevant to biomass hydrolysis were identified. It was hypothesized that hydrolysis of 

hemi(cellulose) in C. termitidis is carried out by a wide variety of CAZymes with 
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cellulolytic and hemicellulolytic activities,  which may be secreted freely or attached to a 

cellulosome like structure;   

2) To evaluate and characterize C. termitidis for its substrates utilization abilities. It was 

hypothesized that in addition to utilizing complex and simple forms of 6 carbon sugars 

and xylose, C. termitidis is able to ferment both cellobiose and xylose concomitantly and 

can utilize polymeric xylan as a substrate;  

3) To identify and quantify levels of expression of genes and gene products associated with 

carbon flux/metabolism and biofuel synthesis pathways using transcriptomic and 

proteomic analyses. It was hypothesized that genome content and expression profiles 

dictate end-product synthesis patterns.  

1.10 Thesis Outline 

 The thesis is organized as follows. Chapter 1, “Literature review”, presents an overview 

of the current literature concerning lignocellulosic biomass, cellulolytic bacteria and the enzymes 

they use for cellulose hydrolysis. Parts of this chapter have been submitted for publication in 

Advances in Biochemical engineering/Biotechnology (Munir and Levin 2015). Chapter 2 

presents the results of a comparative analysis of carbohydrate active enzymes in Clostridium 

termitidis CT1112. To understand the mechanism of polysaccharide hydrolysis, the genome of 

C. termitidis was assessed for both CAZymes and cellulosomal components, and compared to 

other cellulolytic bacteria. This work was published in PLoSOne August 7, 2014, Volume 9, 

Issue 8 (Munir et al., 2014). Chapter 3 presents the results of a quantitative proteomic analysis of 

the cellulolytic system of Clostridium termitidis CT1112. To understand and assess how C. 

termitidis degrades lignocellulose, iTRAQ-based 2D HPLC-MS/MS proteomics was used to 

measure protein expression in cell lysates and extracellular (secretome) fractions of C. termitidis 
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grown on α-cellulose and cellobiose at both exponential and stationary growth phases. This work 

has been published in the Journal of Proteomics April 26, 2015, volume 125 (Munir et al., 2015). 

Chapter 4 presents the results of a transcriptomic and proteomic analyses of Clostridium 

termitidis CT1112 core metabolism during growth on α-cellulose, xylan, cellobiose and xylose. 

Transcriptomics and proteomics were performed on exponential phase cultures of C. termitidis to 

determine relative expression profiles of core metabolic genes and gene products involved in 

carbohydrate hydrolysis and end product synthesis. Growth on mixed substrates was investigated 

to assess co- substrate utilization capabilities. This work has been submitted for publication in 

BMC Microbiology. Chapter 5 presents the conclusions and future perspectives. Chapter 6 lists 

the literature cited and Chapter 7 consists of an Appendix containing supplemental data.  
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Chapter 2  

Comparative Analysis of Carbohydrate Active Enzymes in Clostridium 

termitidis CT1112 Reveals Complex Carbohydrate Degradation Ability 

 

This Chapter is based, on the following publication: Munir RI, Schellenberg J, Henrissat B, 

Verbeke TJ, Sparling R, Levin DB (2014). Comparative Analysis of Carbohydrate Active 

Enzymes in Clostridium termitidis CT1112 Reveals Complex Carbohydrate Degradation Ability. 

PLoS One;9: e104260. 

 

2.1 Abstract 

Clostridium termitidis strain CT1112 is an anaerobic, Gram positive, mesophilic, cellulolytic 

bacillus isolated from the gut of the wood-feeding termite, Nasutitermes lujae. It produces 

biofuels such as hydrogen and ethanol from cellulose, cellobiose, xylan, xylose, glucose, and 

other sugars, and therefore could be used for biofuel production from biomass through 

consolidated bioprocessing. The first step in the production of biofuel from biomass by 

microorganisms is the hydrolysis of complex carbohydrates present in biomass. This is achieved 

through the presence of a repertoire of secreted or complexed carbohydrate active enzymes 

(CAZymes), sometimes organized in an extracellular organelle called cellulosome. To assess the 

ability and understand the mechanism of polysaccharide hydrolysis in C. termitidis, the recently 

sequenced strain CT1112 of C. termitidis was analyzed for both CAZymes and cellulosomal 

components, and compared to other cellulolytic bacteria using comparative bioinformatic tools. 

A total of 355 CAZyme sequences were identified in C. termitidis, significantly higher than other 

Clostridial species. Of these, high numbers of glycoside hydrolases (199) and carbohydrate 
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binding modules (95) were identified. The presence of a variety of CAZymes involved with 

polysaccharide utilization/degradation ability suggests hydrolysis potential for a wide range of 

polysaccharides. In addition, dockerin-bearing enzymes, cohesion domains and a cellulosomal 

gene cluster were identified, indicating the presence of potential cellulosome assembly.  

2.2 Introduction 

Clostridium termitidis strain CT1112 can use both simple and complex carbohydrates 

such as cellulose, cellobiose, xylose, glucose, and mannose to carry out mixed-product 

fermentation producing acetate, formate, ethanol, H2, and CO2 in amounts comparable to those 

of other cellulolytic Clostridia (Sleat et al., 1984; Hethener et al., 1992; Ramachandran et al., 

2008; Carere et al., 2012). In addition, experiments conducted recently in our laboratory 

(presented in Chapter 4) suggest growth ability on xylan polymers. This makes Clostridium 

termitidis potentially suitable for biofuel production through consolidated bioprocessing.  

The C. termitidis genome has recently been sequenced (GenBank accession number 

AORV00000000) (Lal et al., 2013), though investigation of its CAZyme content relative to other 

cellulolytic Clostridia has not yet been reported. CAZymes have a variety of functions within a 

cell, but are also involved in the biosynthesis and degradation of cellulose and other 

polysaccharides. The CAZy database (http://www.cazy.org/) (Cantarel et al., 2009), organizes 

CAZymes into 6 main classes: i) Glycoside hydrolases (GH),  are a large group of enzymes 

currently distributed into 133 families, that hydrolyze the glycosidic linkages between two or 

more carbohydrates or between a carbohydrate and a non-carbohydrate molecule; ii) 

Carbohydrate esterases (CE), are involved in the hydrolysis of ester bonds; iii) Glycosyl 

transferases (GTs) catalyze the formation of glycosidic bonds to form a glycoside; iv) 

Polysaccharide lyases (PLs), cleave glycosidic linkages present in acidic polysaccharides; v) 

http://www.cazy.org/
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Auxillary activities (Levasseur et al., 2013), are redox enzymes that act in conjunction with other 

CAZymes to breakdown lignocellulose.; and vi) Carbohydrate binding modules (CBMs) are non-

catalytic protein domains which function in binding polysaccharides, thus bringing the 

biocatalyst into close and prolonged proximity with its substrate, allowing carbohydrate 

hydrolysis (Guillen et al., 2010).  The CAZy data base currently has members in 71 families.  

The objectives of the work described here were to: i) compare the CAZyme content 

encoded by the C. termitidis genome with those of selected representative cellulosome forming 

(C. cellulolyticum H10, C. cellulovorans 743B, and C. thermocellum ATCC27405) and non-

cellulosome forming (C. phytofermentans ISDg and C. stercorarium DSM8532), anaerobic, 

cellulolytic Clostridium species; and ii) identify the carbohydrate degradative ability of C. 

termitidis based on CAZyme data. This will provide an understanding of the mechanism(s) of 

carbohydrate degradation in C. termitidis and help facilitate the design and development of novel 

industrially useful microorganisms. 

2.3 Materials and Methods 

2.3.1 Genome source 

The C. termitidis sequence available at GenBank, with accession number 

AORV00000000 was used for this analysis (Lal et al., 2013). Comparative analysis with other 

Clostridium species was conducted with genomes available on Joint Genome Institute’s IMG 

database using the IMG-ER platform (Markowitz et al., 2009). The GenBank accession numbers 

are NC_009012, NC_011898, NC_014393, NC_010001 and CP003992 for C. thermocellum 

ATCC27405, C. cellulolyticum H10, C. cellulovorans 743B, C.  phytofermentans ISDg, and  C. 

stercorarium DSM8532, respectively. 
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2.3.2 Phylogenetic placement 

Phylogenetic analyses were carried out to determine the relatedness of C. termitidis with 

other members of the Clostridia family based on chaperonin 60 (cpn60) universal target 

sequences (549-567 bp region of cpn60 gene), which were collected from the Cpn60 database 

(Hill et al., 2004). The phylogenetic tree was obtained using neighbor-joining (Saitou and Nei 

1987) in MEGA version 4 (Tamura et al., 2007). Bootstrap tests with 1000 replications were 

conducted to examine the reliability of the interior branches. 

2.3.3 CAZyme  annotation and analysis 

  Translated protein sequences of C. termitidis were analyzed de novo for identification 

and annotation of its CAZymes and assigned to carbohydrate active enzyme (CAZy) families 

using the CAZy pipeline (Cantarel et al., 2009), as described in Floudas et al. (2012). CAZymes 

of all other Clostridium species analyzed, were directly accessed through the CAZy database 

(Cantarel et al., 2009), and manually compared. Homologous sequences were obtained by 

screening the CAZyme sequences of the Clostridia and applying BLASTP search tools using the 

IMG-ER. Unless specified, highest percentage identity and coverage were reported, based on hits 

with lowest expect (e)-value (threshold 0.01). Sequence coverage was manually assessed by 

considering the amino acid (AA) sequence length of the query and the database target. 

Conserved domains of protein sequences were searched and analyzed using the evidence for 

function prediction and Reverse Position Specific (RPS) BLASTs (Marchler-Bauer et al., 2011). 

Potential subcellular localization of identified CAZymes was predicted by uploading FASTA 

AA sequences of genes into the PSORTb 3.0 database (Yu et al., 2010) and using the final 

predictions.  
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2.4 Results and Discussion 

2.4.1 Phylogenetic placement of C. termitidis. 

To determine the evolutionary relationship between C. termitidis and other sequenced 

strains of cellulolytic Clostridium species, a phylogenetic tree was constructed based on cpn60 

universal target (UT) gene sequence.  The 60 kDa chaperonin protein, which is encoded by the 

cpn60 gene is a useful marker for strain identification and molecular phylogenetics (Jian et al., 

2001). It has been shown that the cpn60 UT sequence can differentiate even closely related 

isolates of the same bacterial species (Verbeke et al., 2011; Goh et al., 1997). Cpn60 UT 

sequence alignments have been shown to correlate to whole gene (genome) sequence alignments 

and resolves ambiguities associated with 16S rDNA gene phylogeny in bacteria (Verbeke et al., 

2011). Phylogenetic analysis of cpn60 genes (Figure 2.1) showed that C. termitidis is 

phylogenetically more closely associated with its mesophilic counterpart C. cellulolyticum. As a 

result, C. termitidis CAZymes show similarities with CAZymes of C. cellulolyticum, which can 

be seen throughout the comparative analysis below. 
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Figure 2.1 Phylogenetic analysis of selected Clostridial species based on cpn60 gene sequences. 

The phylogenetic tree was obtained using neighbor-joining (Saitou and Nei 1987) provided in 

MEGA version 4 (Tamaru et al., 2007). Bootstrap tests with 1000 replications were conducted to 

examine the reliability of the interior branches. Asterisks (*) indicates the other Clostridium 

species used in CAZy comparison. 
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2.4.2 Genome annotation reveals high numbers of CAZymes in C. termitidis genome 

compared to other cellulolytic Clostridium species  

Genome analyses revealed that C. termitidis has the largest genome and a significantly 

greater number of total genes (5389) and protein encoding genes (5327) than other members of 

Clostridia (Table 2.1) analysed in this study, while C. stercorarium has the smallest genome with 

only 2706 protein coding genes. Putative CAZyme genes in C. termitidis CT1112 were analyzed 

de novo and compared to selected Clostridium species (Table 2.2). The C. termitidis genome 

encodes a total of 355 CAZyme domain sequences. This is much higher than the number of 

CAZyme domains found in other Clostridium species that were analyzed. Of the CAZyme 

domains identified in C. termitidis, glycoside hydrolases (199) and CBMs (95) were most 

abundant. However, numbers of PLs, CEs, and GTs were comparable to those found in other 

Clostridium species. Harboring a large number of CAZyme genes may not be surprising, 

considering the size of the genome and the number of genes it carries. Consistent with its larger 

genome size, C. termitidis has the greatest numbers of enzyme genes related to carbohydrate 

metabolism (264), glycan biosynthesis and metabolism (56), and metabolism (623) compared 

with other Clostridium species, suggesting differences in protein contents related to sugar 

utilization and metabolism.  
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Table 2.1.  General features of genomes of select Clostridium species. 

 

 

Species (strain) 

Genome 

size 

(MB) 

Gene 

count 

Protein 

coding genes 

Genes coding 

for 

extracellular 

CAZymes* 

C. termitidis (CT1112) 6.4 5389 5327 66 

C. cellulolyticum (H10) 4.07 3575 3488 44 

C. cellulovorans (743B) 5.1 4685 4618 54 

C. thermocellum (ATCC27405) 3.8 3335 3236 59 

C. stercorarium (DSM8532) 2.9 2763 2706 16 

C. phytofermentans (ISDg) 4.8 3991 3902 31 

 

* Based on PSORTb 3.0 prediction and includes GHs, PLs, and CEs 
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Table 2.2.  Comparative analysis of the number of putative CAZy sequences in selected Clostridial species. 

 

 

Species (strain) GH GT PL CE CBM Total 

 C. termitidis (CT1112) 199 42 4 15 95 355 

Cellulosome forming C. cellulolyticum (H10) 94 23 4 14 54 189 

 C.cellulovorans (743B) 116 40 15 21 58 250 

 C.thermocellum (ATCC27405) 74 37 4 15 90 220 

Non-cellulosome 

forming 

C. stercorarium (DSM8532) 70 18 4 10 32 134 

  C. phytofermentans (ISDg) 118 30 10 14 43 215 
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Overall, analysis of the various families that constitute each of the five CAZyme classes 

showed that in comparison to other Clostridium species considered in this study, C. termitidis 

had the greatest number of GH (51) and CBM (20) families. In addition C. termitidis had the 

greatest number of sequences belonging to GH2 (15), GH3 (11), GH4 (10), GH8 (4), GH18 (8), 

GH23 (3) GH29 (5), GH30 (5), GH31 (6), GH35 (2), GH38 (14), GH43 (12) GH51 (6), GH78 

(4), GH94(11), GH95 (5), GT2 (20), GT28 (4), CBM12 (8), CBM32 (14), and CBM35 (24). 

There were, notably a number of CAZyme genes which were only found in C. termitidis: GH50 

(1), GH64 (1), GH76 (1), GH93 (1), GH97 (2), GH 110 (1), PL8 (3) and CBM66 (8) 

(Supplementary Tables S1, S2, S3 and S5).  

Interestingly, of the 133 families of GHs currently identified in the CAZy database, 

the lowest numbers were seen in C. thermocellum, with 27 GH families. C. thermocellum is 

known to be a comparatively efficient biomass degrader, which identifies it as an attractive 

candidate organism for CBP (Demain et al., 2005). Assignment of sequences into GH families is 

therefore not necessarily an indication of efficient degradation. 

While genomic analysis for the presence or absence of a particular CAZy gene can 

suggest the capabilities of the strain in question, extracellularly localized (cell bound or secreted) 

gene products may be more beneficial in identifying complex carbohydrate hydrolysis 

capabilities. Table 2.3 shows the predicted extracellular GHs of C. termitidis. A comparative 

analysis of all the GHs, PLs, and CEs predicted to be localized extracellularly, based on PSORTb 

3.0 predictions for the selected Clostridium species, is provided in Supplementary Table S6. 

Based on our subcellular localization predictions, C. termitidis potentially harbors a variety of 

extracellular CAZymes responsible for hydrolysis of, among others, (hemi) cellulose, chitin, 
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mannans, starch, and pectin. Below we attempt to correlate C. termitidis extracellular CAZymes 

with its polysaccharide utilization ability. 
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Table 2.3.  Predicted extracellular glycoside hydrolases of C. termitidis based on PSORTb.3 analysis. 

GH3 GH5 GH8 GH9 GH10 GH11 GH15 GH16 GH18 GH30 GH38 GH43 GH44 GH48 GH51 GH64 GH74 GH76 GH97 GH126

Cter_2070 Cter_2349 Cter_2829 Cter_0272 Cter_2436 Cter_4680 Cter_3247 Cter_1597 Cter_1364 Cter_3786 Cter_2496* Cter_4113 Cter_4538 Cter_0524 Cter_4907 Cter_1362 Cter_1802 Cter_5351 Cter_1396 Cter_2515

Cter_2732 Cter_0515 Cter_0523 Cter_0516 Cter_1573 Cter_3705 Cter_1361 Cter_2813 Cter_0267 Cter_1190 Cter_3501

Cter_0519 Cter_0518 Cter_1803 Cter_4579 Cter_3848* Cter_2867 Cter_1210

Cter_1800 Cter_0522 Cter_2434* Cter_3349 Cter_3338 Cter_0945*

Cter_0517 Cter_2830 Cter_4060*

Cter_1107 Cter_2831

Cter_2817* Cter_4750

Cter_4441* Cter_4259

Cter_4264

Cter_0521

Cter_4545
 

Bold, GH genes with dockerin domain; *, Genes with SLH domain. 
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2.4.3 Cellulose hydrolysis 

Cellulose hydrolysis is generally achieved by the synergistic action of endoglucanases, 

exoglucanases, and β-glucosidases. Our analysis indicates that C. termitidis possesses all the 

necessary enzymes needed to carry out this task. The functionally characterized GH48 of C. 

cellulolyticum is a cellulosomal processive cellulase with both exo- and endo-activities 

(Reverbel-Leroy et al., 1997). BLAST analysis shows that C. termitidis GH48 (Cter_0524) has 

high AA sequence similarity (74%) with this enzyme and 57% sequence identity with the AA 

sequence of the characterized exoglucanase celS (GH48) of C. thermocellum (Guimaraes et al., 

2002). Cter_0524 has an additional sequence for a dockerin I domain, making it a putative 

cellulosomal enzyme. As is the case in most other mesophilic cellulolytic Clostridia (Fujino et 

al., 1993; Bagnera-Tardif et al., 1992; Tamaru et al., 2011; Bayer et al., 2008; Sabathe et al., 

2002), C. termitidis GH48 forms part of a gene cluster (discussed below) which may be 

putatively linked to the cellulosome. 

Members of GH9 family are mainly cellulases which have both endo- and exo-glucanase 

activities (Parsiegla et al., 2002; Kataeva et al., 2002; Kataeva et al., 1998). CAZy analysis 

suggests putative endo and exo activities in C. termitidis GH9 members, in addition to having the 

ability to bind and hydrolyze both the crystalline and amorphous components of cellulose. Of the 

eleven extracellular GH9s identified in C. termitidis (Table 2.3), 8 have dockerin I domains and 

are thus classified as putative cellulosomal enzymes. Five of these (Cter_0272, Cter_0518, 

Cter_0522, Cter_2830 and, Cter_2831) have a CBM3 domain appended to them, which is known 

to bind to crystalline cellulose (McLean et al., 2002). Our analysis indicates that these are all 

endoglucanases with high (75-85%) AA sequence similarities with corresponding C. 

cellulolyticum endoglucanases, and up to 77% AA sequence identity with their C. thermocellum 
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counterparts. Dockerin bearing Cter_0521 has a CBM4 domain, which is responsible for 

directing the GH to the amorphous part of cellulosic substrates. BLAST analysis suggests this to 

be an exoglucanase with 79% AA sequence identity to C. cellulolyticum exoglucanase 

Ccel_0732, and 47% AA sequence identity to the characterized CelK (Cthe_0412) of C. 

thermocellum exoglucanase (Kataeva et al., 1999).   

Family GH5 has many enzyme activities relevant to biomass conversion such as 

cellulases, mannanases, xylanases, xyloglucanases and galactanases (Aspeborg et al., 2012). C. 

termitidis has eight extracellularly secreted GH5 (Table 2.3). Of these, four (Cter_0515, 

Cter_0519, Cter_1800 and Cter_0517) have dockerin domains and are annotated as 

endoglucanases. BLAST analysis shows high AA sequence identity with corresponding C. 

cellulolyticum GH5 members. In addition, Cter_0515 shows 71% AA sequence identity with the 

characterized CelG (Cthe_2872) of C. thermocellum (Lemaire and Beguin 1993). Cter_2349 and 

Cter_1107 (Table 2.3) annotated as endoglucanases, seem to be unique to C.termitidis as, 

BLAST analysis did not give significant AA sequence similarities with other Clostridium 

species. The multi-domain GH5 protein, Cter_4441, an endoglucanase, has three C-terminal 

SLH domains, which putatively anchors it to the bacterial cell wall. Cter_4441 has a modular 

structure GH5_2-CBM17-CBM28-SLH-SLH-SLH, similar to C. cellulolyticum Ccel_0428, and 

shows 71% AA sequence identity.  

Two extracellular genes in family GH8, with dockerin I domains, were identified in C. 

termitidis (Table 2.3). As with members of the GH5 family, members of the GH8 family have a 

variety of functions and can cleave β-1,4 linkages of cellulose, xylan, chitosans, and lichenans. 

Cter_0523 shows high AA sequence identity (74%) with the cloned and characterized 

endoglucanase C Ccel_0730 from C. cellulolyticum (Fierobe et al., 1993), and 54% AA 
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sequence identity with the characterized C. thermocellum Cthe_0269, also an endoglucanase 

(Cornet et al., 1983).  

C. termitidis encodes 11 GH3 genes, highest amongst the other Clostridium species 

examined (Supplementary Table S1), of which only 2 are extracellular (Table 2.3), and are 

annotated as β-glucosidases on IMG database. This suggests that C. termitidis is able to 

hydrolyze complex sugars to glucose monomers extracellularly before assimilation. This is 

supported by experiments conducted by us and by the work of Ramachandran et al. (2008), 

which indicates minimal residual glucose levels in culture supernatants, during growth on α-

cellulose and cellobiose, suggesting complete assimilation of glucose as a hydrolysis product. It 

is interesting to note that C. stercorarium is the only other Clostridium (Supplementary Table 

S6) that has an extracellular β-glucosidase, putatively suggesting cellulose to glucose hydrolytic 

ability and assimilation.  

2.4.4  Hemicellulose hydrolysis 

Hemicelluloses are polysaccharides in plant cell walls that predominantly consists of 

xylans and mannans with β-1,4 linked backbones of xylose and mannose monomers respectively 

(Scheller and Ulvskov 2010 ). Endoxylanases are commonly found in GH10 and GH11 families. 

They cleave the xylan backbone to smaller oligosaccharides, which are further degraded to 

xylose monomers by the action of β-xylosidases found as members of the GH43 family.  

Our analysis shows that C. termitidis is equipped with the necessary enzymes required for 

complete xylan hydrolysis. Of the seven genes functionally annotated as extracellular xylanases, 

four are attached to the cell surface by either a putative dockerin domain or via an SLH domain, 

while three are secreted freely into the environment (Table 2.3). In addition to the dockerin I 

domain, Cter_1803 also has a CBM6 domain. This module is known for its xylan-binding 
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abilities, guiding the catalytic component to the appropriate site on the substrate (Sun et al., 

1998). The enzyme shows 80% AA sequence identity with Ccel_1240, a xylanase found in C. 

cellulolyticum. Cter_2434, the 1496 AA long multi-component (CBM22-CBM22-CBM22-

GH10-CBM9-SLH) GH10 has 810 AA that are identical to those of an endo-1,4-beta-xylanase 

of Paenibacillus sp. JDR-2 with similar modular structure, and 604 AA that are identical with 

the Ccel_2320 of C. cellulolyticum. CBM22 and CBM9 modules are both considered to have 

xylan-binding capabilities (Canteral et al., 2009).  

To further degrade xylo-oligomers into simple sugars, five GH43 genes coding for 

secreted xylosidases were identified in C. termitidis. Two of these (Cter_0945 and Cter_4060) 

contain three C-terminal SLH domains for cell attachment. Cter_4060 has a multi-domain 

structure with domains GH43-CBM35-CBM35-CBM35-CBM35-CBM13-SLH-SLH-SLH. 

CBM35 and CBM13 are known to primarily bind with both xylan and mannans (Montanier et 

al., 2009; Bolam et al., 2004; Notenboom et al., 2002). BLAST analysis shows 61% AA identity 

to the multi-domain C. cellulolyticum β-xylosidase Ccel_3240, which also has a similar modular 

structure, suggesting that Cter_4060 may have putative xylan hydrolyzing properties.  

Arabinofuranosidases hydrolyze arabinose side chains in xylan degradation and are 

members of GH51 family. C. termitidis encodes genes for two extracellular putative 

arabinofuranosidases (Table 2.3). Interestingly, only C. cellulovorans appears to have 

extracellular homologs among the Clostridium species considered (Supplementary Table S6).  

Four putatively secreted members of the GH30 family annotated as O-glycosyl 

hydrolases on the IMG database were identified in C. termitidis (Table 2.3). The GH30 family 

has members with activities ranging from glucosylceramidase, β-1,6-glucanase, β-xylosidase, β-

fucosidase, β-glucosidase and endo-β-1,6-galactanase (Canteral et al., 2009). Cter_0267 and 



55 
 

Cter_2867 are putatively cellulosomal due to the presence of a C-terminal dockerin 1 domain. 

BLAST analysis shows 80% homology with C. cellulolyticum Ccel_0649, which is putatively 

involved in xylan degradation with high activity towards feruloylated arabinoxylans. Members of 

GH30 have not been functionally characterized in Clostridia.  

The 3192 AA sequence of Cter_2817, a multidomain GH5 protein, has a modular 

structure (CBM66-CBM66-CBM66-GH5_distGH43-CBM35-CBM66-GH43-SLH-SLH-SLH)  

and is putatively bound to the cell via an SLH domains. This enzyme seems to be unique to C. 

termitidis because BLAST searches did not give hits in other bacteria in the database. In addition 

to the GH43 catalytic domain, there is an additional GH5 domain of subfamily 43 (GH5_43).  

GH5_43 has not been functionally assigned as of yet (Aspeborg et al., 2012). However, 

Cter_2817 has been annotated as a β-xylosidase on IMG database, perhaps due to the presence of 

the putative GH43 domain. According to the CAZy database, GH43 has members that have 

xylosidase, arabinofuranosidase, arabinose, xylanase, and galactosidase activities (Canteral et al., 

2009). The presence of multiple CBM66 domains and a CBM35 domain indicates its ability to 

target both fructans (Cuskin et al., 2012) and xylans (Sun et al., 1998), respectively. 

Endoxylanase Cter_2829, belongs to GH8 family and has a dockerin I domain. BLAST analysis 

shows 77% AA sequence identity with the Ccel_1298.  

Hydrolysis of mannans is mainly carried out by the action of β-mannanases found in the 

GH26 family. Our results show that the genome of C. termitidis contains a single GH26 gene 

annotated as β-mannanase (Cter_4544), which may putatively be involved in the breakdown of 

the mannan backbone. The presence of dockerin domain suggests Cter_4544 to be a cellulosomal 

enzyme, PSORTb 3.0 analysis was however unable to predict its location.  
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2.4.5 Chitin degradation 

  Proteins belonging to family GH18 are candidate chitinases, which are enzymes 

responsible for chitin degradation. A total of five GH18 genes were identified in C. termitidis 

(Cter_3529, Cter_3349, Cter_1364, Cter_2813 and Cter_3848). Four (Cter_1364, Cter_2813, 

Cter_3848, Cter_3349) of these five proteins were predicted to be localized extracellularly. They 

do not bear dockerin domains, and therefore would not be incorporated into the cellulosome. Of 

these, Cter_3848 may be bound to the cell wall via the C-terminal SLH domains. Cter_1364 

(GH18-CBM12-GH18) and Cter_2813 (GH18-GH18-GH18-CBM12-CBM12) have multiple 

GH18 catalytic sites and have CBM12 domains that are known to bind chitin polymers. 

Extracellular members of GH18 were identified in C. thermocellum, C. phytofermentans and C. 

cellulolyticum. However, none of these have a multi-domain structure.  

 Carbohydrate esterases (CEs) catalyze de-acylation of saccharides. The C. termitidis 

genome encodes a total of 15 CEs belonging to five different families, following C. 

cellulovorans, which has 21 CEs. (Table 2.2; Supplementary Table S4). The C. termitidis CE15 

and one CE4 (Cter_5018) gene products both carry a dockerin 1 domain, suggesting their 

putative association with the cellulosome. CE4 enzymes, of which C. termitidis has 9 members, 

are annotated as either acetyl xylan esterases or chitin deacetylases, indicating their putative 

ability to have activity against both xylans and chitins. All the members of the CE7 family are 

annotated on the IMG database as acetyl xylan esterases. The C. termitidis family CE9 gene 

product, annotated as N-acetylglucosamine 6-phosphate deacetylase (EC 3.5.1.25), is putatively 

important for the metabolism of chitin. This suggests an elaborate chitin degradation ability in C. 

termitidis, which may have evolved in response to cannibalism in termites at times of food 

shortages (Misra and PK 1981; Thayer 1976).  
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2.4.6 Starch degradation 

CAZyme analysis of the C. termitidis genome shows the presence of a single gene 

(Cter_3247) belonging to the GH15 family that is annotated as a glucoamylase. Glycoamylases 

catalyze the release of glucose from the non-reducing ends of starch.  C. thermocellum is the 

only Clostridium species among those examined that has an extracellular homolog 

(Supplementary Table S6). Also found in the C. termitidis genome are two genes belonging to 

the GH16 family that have been annotated as extracellular β-glucanases. BLAST analysis gives 

hits to C. cellulovorans endo-β-1,3-glucosidases. These enzymes are responsible for the 

breakdown of β-1,3-glucans found as components of various fungi (Obayashi et al., 1995).   

2.4.7 Pectin degradation 

Polysaccharide lyases (PLs) are enzymes that mainly degrade uronic acid containing 

polysaccharides such as glycosaminoglycans and pectin (Canteral et al., 2009). They are 

currently classified into 23 families in the CAZy database. C. termitidis encodes a total of four 

genes which are all predicted to be localized extracellularly and belong to two PL families: 

family PL8 with three genes and family PL11 with one gene (Supplementary Tables S3 and S6).  

All members of C. termitidis PL8 have three C-terminal SLH domains, which putatively 

indicates attachment to the cell wall. None of the other Clostridium species have enzymes 

belonging to this family. PL8 enzymes are known to degrade hyluronate, chondroitin and 

xanthan while PL11 members are known for their activity against pectin (Canteral et al., 2009). 

C. termitidis PL11 has a dockerin domain and as such is putatively active as part of a 

cellulosomal complex. Except for C. cellulovorans, which has seven extracellular PLs, all other 

Clostridium species have fewer extracellular PLs than C. termitidis (Supplementary Tables S3 

and S6). 
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2.4.7 Genome analysis shows putative cellulosomal components in C. termitidis 

2.4.7.1 Identification of dockerin-containing proteins 

 CAZyme analyses and conserved domain searches provide evidence for the presence of 

putative dockerin I domains associated with CAZymes in C. termitidis, and the other Clostridium 

species examined. As previously mentioned, dockerin I domains attach catalytic subunits to the 

cohesin domains in the cellulosome. Thus, proteins bearing dockerin domains are putatively 

considered to be cellulosome-associated. Variation in the numbers of GHs bearing dockerin 

domains were observed in the different species analyzed (Table 2.4). C. thermocellum has the 

highest numbers of dockerin domain containing GHs (49). This is followed closely by C. 

cellulolyticum, which has 40, while C. termitidis had the lowest number, with 22 dockerin 

domain containing GHs. C. phytofermentans and C. stercorarium do not form cellulosomes, and 

are known to hydrolyze cellulosic material through a non-complexed cellulase system 

(Bronnenmeier et al., 1996; Zhang et al., 2010). Consequently, no dockerin domains were 

identified in their CAZyomes. 

2.4.7.2 Detection of putative cohesin domains (scaffoldin) 

Bioinformatic analysis of the C. termitidis genome revealed the presence of five putative 

cohesin 1 domain containing proteins (Figure 2.1). Cohesins Cter_0001 (352 AA) and Cter_3731 

(214 AA) are the first genes on their respective DNA scaffolds (scaffolds 1 and 53). BLAST 

analysis gives 100% coverage and approximately 60% AA sequence similarity to the 

cellulosome anchoring protein sequence of both C. papyrosolvens (L323_03625; 1332 AA) and 

C. cellulolyticum (Ccel_0728; 1546 AA). Their location and partial sequences are an indication 

of genetic truncation and may be a reason for the short sequences observed. Cter_0520, 

Cter_0525 and Cter_0526 belong to the same DNA scaffold (scaffold 18) and are components of 
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a putative cellulosome related gene cluster that is discussed below. BLAST analysis shows 

approximately 70% AA similarities to sequences of cohesin domains of a similar cellulosome 

related gene cluster of C. cellulolyticum (Ccel_0733 and Ccel_0728). The presence of multiple 

cohesin genes on 3 different scaffolds may indicate the presence of more than one cellulosome 

integrating protein in C. termitidis. However, further studies to characterize these domains will 

facilitate our understanding of the type and function of such proteins.  
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Table 2.4.  Comparison of the number of putative dockerin containing GH sequences in selected 

Clostridial species. 

Glycoside 

hydrolase 

family 

C. thermocellum  

ATCC 27405 
C. cellulolyticum 

H10 
C. cellulovorans 

743B 
C. termitidis 

CT 1112 

GH 5 8 6 9 4 

GH 8 1 2 1 2 

GH 9 15 12 7 8 

GH10 4 2 1 1 

GH 11 1 1 1 1 

GH 16 1 - - - 

GH 18 1 1 - - 

GH 26 3 2 4 1 

GH 27 - 2 - - 

GH30 2 2 - 2 

GH 39 1 - - - 

GH 43 7 4 - - 

GH 44 - - 1 1 

GH 48 1 1 1 1 

GH 53 1 - - - 

GH 59 - 1 - - 

GH 62 - 2 - - 

GH 65 - 1 - - 

GH 74 1 1 - 1 

GH 81 1 - - - 

GH 98 - - 1 - 

GH 124 1 - - - 

Total 49 40 26 22 
 

    

 

C.phytofermentans ISDg and C.stercorarium DSM 8532 have no detectable dockerin domains 
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Figure 2.2  Modular structure of putative cohesin I domain containing proteins identified in the 

C. termitidis CT1112 genome. (a) Cter_0001; (b) Cter_0520; (c) Cter_0526; (d) Cter_3731, and, 

(e) Cter_0525. CBM3-carbohydrate binding module.  X2- domain of unknown function which 

may play a role in attachment of the putative cellulosome to the cell wall. Cohesin I proteins 

have dockerin binding surfaces, which bind cellulosomal enzymes and are considered important 

in the formation of a cellulosome. Cohesins a, c and d show putative truncated ends. Cohesins b, 

c and e are components of a putative cellulosome related gene cluster. 
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2.4.7.3 Putative cellulosomal gene clusters 

Similar to some anaerobic, mesophilic, cellulosome-forming Clostridia, such as C. 

cellulovorans, C. cellulolyticum, C. josui, and C. acetobutylicum (Fujino et al., 1993; Bagnera-

Tardiff et al., 1992; Sabathe et al., 2002; Bayer et al., 2008; Tamaru et al., 2011), an 

approximately 20 Kbp putative cellulosomal enzyme gene cluster was found in C. termitidis 

harboring 13 cellulosomal genes (Figure 2.2). With a few differences in the gene content within 

the different Clostridium species, the gene cluster usually starts with a cohesin containing gene 

(primary scaffoldin) followed by a series of genes encoding various dockerin-bearing enzymes. 

This would putatively suggest cellulosome formation in C. termitidis. Such a similarity is an 

indication that the cellulosomes of these mesophiles may have arisen from a common ancestor.  

In the case of C. thermocellum, the genes for cellulosomal enzymes are widely scattered on the 

chromosome and do not form clusters. However, its cellulosome scaffoldin genes, encoding cipA 

protein, and proteins involved in cellulosome attachment to the cell surface, are organized on the 

chromosome in a scaffoldin gene cluster (Fujino et al., 1993). This is not the case in mesophilic 

Clostridia. 
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Figure 2.3  20 kilobase (kb) putative cellulosome related gene cluster found in the C. termitidis 

genome. Gene clusters with similar gene arrangement have been identified in other mesophilic 

Clostridia as indicated. C.termitidis gene cluster with DNA coordinates 84554 to 105381 

includes Cter_0526 (1); Cter_0525 (2); Cter_0524 (3), Cter_0523 (4), Cter_0522 (5), Cter_0521 

(6), Cter_0520 (7), Cter_0519 (8), Cter_0518 (9), Cter_0517 (10), Cter_0516 (11), Cter_0515 

(12), and Cter_0514 (13). Cellulosomal gene clusters identified in C. cellulovorans, C. 

cellulolyticum, C. josui, and C. acetobutylicum have an approximate size of 21.5kb, 26kb, 17.3kb 

and 18kb respectively. Cip (cellulosome integrating protein); CP DT1 (cellulosome protein with 

dockerin type 1); CD (Cohesin domain). 
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 2.4.7.4 Cellulosome – cell surface attachment 

Various mechanisms of cell – cellulosome attachment have been noticed in different 

bacteria. In C. thermocellum, the anchoring of the scaffold containing cellulosome to the 

bacterial cell wall occurs via the interaction of the dockerin II domains of the scaffoldin with one 

of three cohesin II proteins (SbdA, OlpB and Orf2p), each of which carries  C-terminal surface 

layer homology (SLH) repeats that interacts with the S-layer (Demain et al., 2005; Lamed et al., 

1983). There is however an additional C. thermocellum poly-cellulosome forming scaffoldin 

(Cthe_0736), that may be involved in the formation of extracellular cell free complexes as no 

evidence exists for it to be cell associated (Fontes and Gilbert 2010). In the case of both C. 

cellulolyticum and C. cellulovorans, cell surface cellulosome anchoring proteins are yet to be 

identified (Doi and Tamaru, 2001; Doi et al. 2003). However an enzyme annotated as 

endoglucanase E, (EngE) has been implicated in mediating cell surface attachment of the C. 

cellulovorans cellulosome (Kosugi et al. 2002). The complex cellulosomes of   Ruminococcus 

falvifaciens FD-1, are attached to the cell surface through a sortase transpeptidation reaction 

(Rincon et al. 2005). In the case of C. termitidis, we were unable to locate a cohesin II domain or 

any other protein mediating cellulosome attachment to the cell surface.  This may suggest the 

production of either putative cell free cellulosomes or a novel mechanism of putative 

cellulosome attachment which needs to be explored. 

2.5 Conclusion 

 Clostridium termitidis has the largest genome among the Clostridium species considered 

in this study. It also has the highest number of CAZymes, which may potentially be 

advantageous for lignocellulosic biomass hydrolysis. In addition, C. termitidis harbors the most 

CAZymes secreted extracellularly, some of which are unique and have no homologs in other 
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bacteria. These extracellular CAZymes have the potential capacity to degrade a wide variety of 

complex and simple carbohydrates, such as cellulose, hemicellulose, starch, chitin, fructans, 

pectin, glucose, cellobiose and xylose, thus making C. termitidis an attractive microorganism for 

biofuel production through CBP. We were also able to detect several putative genes that encode 

gene products with AA sequences that are consistent with key cellulosomal components of other 

cellulosome producing cellulolytic bacteria. This is an indication of putative cellulosome 

assembly. However, we were unable to detect any gene or domain with the capacity to act as a 

cellulosome anchoring protein. This suggests either a novel mechanism of putative cellulosome 

adherence or the production of putative cell free cellulosomes. Nevertheless, this study has 

provided us with valuable insights into the potential mechanism of polysaccharide hydrolysis in 

C. termitidis. Furthermore, studying the relationship between genome content and gene product 

expression will provide a systems level understanding of the operative mechanisms of hydrolysis 

under specific substrate conditions. 
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Chapter 3 

Quantitative Proteomic Analysis of the Cellulolytic System of 

Clostridium termitidis CT1112 Reveals Distinct Protein Expression 

Profiles upon Growth on α-cellulose and cellobiose 

 

This Chapter is based, on the following publication: Riffat I. Munir, Victor Spicer, Dmitry 

Shamshurin Oleg V. Krokhin, John Wilkins, Umesh Ramachandran, Richard Sparling, 

and David B. Levin (2015). Quantitative Proteomic Analysis of the Cellulolytic System of 

Clostridium termitidis CT1112 Reveals Distinct Protein Expression Profiles upon Growth on α-

cellulose and cellobiose. J. of Proteomics. 125; 41-53 

 

3.1 Abstract 

To understand how C. termitidis degrades lignocellulose, iTRAQ-based 2D HPLC-MS/MS 

proteomics was used to measure protein expression in cell lysates and extracellular (secretome) 

fractions of C. termitidis grown on α-cellulose and cellobiose at both exponential and stationary 

growth phases. Exoglucanases (GH48, GH9), endoglucanases (GH5, GH8, GH9), hemicellulases 

including xylanases (GH8, GH10, GH11) and mananase (GH26) as well as extracellular 

adhesion proteins and cellulosome associated proteins, exhibited higher expression on cellulose-

grown cells. The expression of these proteins increased with a decrease in growth rate. Non-

cellulosomal proteins however did not change significantly between substrate conditions, 

although there were a few exceptions such as some xylanases, chitinases and glucosidases.  

Collectively, these would contribute to hydrolysis of lignocellulosic material for uptake through 
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ABC sugar transport proteins. On cellobiose, chitinases (GH18) were expressed abundantly and 

constitutively in the secretome.  Chitinase expression may be an indication of nutrient depletion 

during rapid growth on cellobiose, since in the natural environement, termites are known for 

cannibalism and attacking the exoskeleton of other termites at times of food shortages.  While 

the abundant presence of flagellin protein in the secretome may indicate the need for cellular 

attachment to substrates and maximizing nutrient gains, the increased expression of cellulosomal 

proteins in the secretome at stationary phase of growth, putatively due to cellulosome release, 

may have resulted from decreasing supply of oligosaccharides and may be a strategy employed 

by C. termitidis of finding a new source of nutrition. Although a large number of proteins were 

shared between the fractions analyzed, some proteins were detected exclusively in the cellular 

fraction, while others were detected in the secretome. This study reports for the first time on the 

cellulolytic machinery employed by C. termitidis to hydrolyze cellulosic substrate and provides 

an understanding of how this microbe deconstructs biomass. 

3.2 Introduction 

 The genome of C. termitidis encodes sequences for 355 carbohydrate-active enzymes 

(CAZy), a number significantly higher than other Clostridial strains. These CAZymes include 

198 sequences for glycoside hydrolases which are spread across 50 families (Munir et al., 2014), 

highlighting the potential ability to produce a wide variety of enzymes needed to breakdown 

different types of complex biomass components. A number of these enzymes seem to be secreted 

in to the environment, while others are putatively bound to the cell via an SLH domain.  In 

addition, genes for dockerin-bearing enzymes, cohesin domains and a cellulosomal cluster were 

identified, suggesting cellulosome assembly and involvement. Their role however in the 

degradation of cellulosic substrate has not been explored previously. 
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In the last decade, the discovery of cellulose-degrading proteins and our understanding of 

the underlying molecular mechanisms of cellulolysis by both aerobic and anaerobic 

microorganisms has increased dramatically (Gold and Martin, 2007; Herpoel-Gimbert et al., 

2008; Tolonen et al., 2011; Lochner et al., 2011). Quantitative proteomics using isobaric tags for 

relative and absolute quantitation (iTRAQ) has been applied to examine production, relative 

quantities, and dynamics of glycoside hydrolases in different microbes during growth on biomass 

Liu et al., 2013; Adav et al., 2011; Manavalan et al., 2011; Adav et al., 2010; Aggarwal et al., 

2006). Several studies have shown changes in expression of various cellulosomal proteins and 

hemi/cellulolytic enzymes in response to different substrates and growth phases. Expression of 

exoglucanase celS (GH 48) and endoglucanases belonging to family GH9 (CelD, CelF), GH8 

(Cel A) and GH5 (CelB, CelG) in C. thermocellum were shown to increase with a decrease in 

growth rate  (Dror et al., 2005; Mishra et al., 1991; Raman et al., 2009). Similarly, expression 

levels of cellulosomal components of C. thermocellum varied with growth rate, with higher 

expression observed for some components at stationary phase of growth (Gold and Martin, 2007; 

Dror et al., 2003; Raman et al., 2009).  In addition, several researchers studying extracellular 

proteins have similarly reported an increase in expression and activities of various cellulases and 

xylanases in the extracellular growth medium, with decreased growth rate at stationary phase 

(Garcia-Martinez et al., 1980; Ng and Zeikus, 1981; Morag et al., 1990). Lochner et al. (2011), 

analyzed the secretomes of two thermophilic bacteria, Caldicellulosiruptor bescii and 

Caldicellulosiruptor obsidiansis and found cellulase abundance and activity to be inversely 

proportional to growth rate, with the highest activity observed at late stationary phase.  

The ability of C. termitidis to hydrolyze and ferment a wide-range of substrates including 

cellulose and xylan, and its ability to produce value added products such as ethanol, makes it an 
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attractive biocatalyst for CBP in the production of biofuels. No studies, however have to date, 

investigated the protein machinery employed by this bacterium to degrade components of 

biomass. Understanding the deconstruction and depolymerization mechanism of cellulosic 

substrates, such as α-cellulose, is the first step and key to understanding the ability of an 

organism to degrade components of real biomass. Therefore, the main objective of the work 

described in this study was to understand how C. termitidis degrades cellulose and transports its 

hydrolysis products. Additionally, because studies have previously reported growth phase 

dependent expression of hemicellulolytic enzymes and cellulosomal components in other 

cellulolytic bacteria, the role of C. termitidis cell bound (cellulosomal) and secreted (non-

cellulosomal) glycoside hydrolases in the degradation of cellulose was investigated by 

quantifying their relative changes in expression levels in response to changing growth phases.  

C. termitidis cells were grown on 2 g/L α-cellulose or 2 g/L cellobiose, and quantitative 

4-plex iTRAQ-based 2D HPLC-MS/MS proteomics was applied to measure protein expression 

levels in biological replicates of both cell lysate and extracellular protein (secretome) fractions at 

exponential and stationary phases of growth. The resulting data have provided insight into the 

range of substrates that may be hydrolyzed by C. termitidis, and may be useful in determining 

potential industrial applications of C. termitidis in biomass to bioenergy production via CBP.  

3.3 Materials and Methods 

3.3.1 Organism and growth conditions 

Clostridium termitidis CT1112 was cultured anaerobically in complex 1191 medium 

(Islam et al., 2006) with 2 g/L cellobiose and 2 g/L α-cellulose at 37 
0
C. Sodium disulfide (Na2S) 

at a concentration of 200 mM was used as a reducing agent. Fresh cultures were maintained by 

routinely transferring 10% (v/v) mid-exponential phase cultures into serum bottles containing 
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fresh 1191 media and substrate (cellobiose or α-cellulose). All chemicals were reagent grade and 

were obtained from Fischer Scientific unless otherwise stated. For experiments in which 

cellobiose was used as the carbon source, test bottles were inoculated (10% v/v) with fresh 

exponential phase cells from cellobiose cultures taken 10-12 hours post-inoculation (hrs pi), and 

then incubated for 36 h at 37 
0
C. For experiments in which α-cellulose was used as the carbon 

source, test bottles were inoculated (10% v/v) with fresh exponential phase cells from α-cellulose 

cultures taken 48-60 hrs pi, and then incubated for up to 120 hrs at 37 
0
C. 

Cell growth was monitored spectrophotometrically (Biochrom, Novaspec II) at 600 nm 

every 4 hrs for cellobiose cultures. For the α-cellulose experiments, growth was determined by 

analysis of total protein concentration, extracted from samples collected every 24 hours using a 

modification of the Bradford method (Bradford, 1976). Briefly, aliquots of each culture were 

transferred to micro-centrifuge (1.5 mL) tubes and centrifuged to separate the pellets and the 

supernatants. The pellets were washed with 0.9% NaCl and re-suspended in 1 mL of 0.2 M 

NaOH. Samples were incubated at 100 
0
C in a water bath for 10 minutes. Supernatants were 

collected for Bradford analysis using Bradford’s reagent. Optical densities were measured in 96 

well plates at 595 nm using a PowerWave XS multi-plate reader (BIO-TEK, Synergy 4). The pH 

of each sample was measured using a Sension2 pH ISE meter (Hach) outfitted with a 

ThermoOrion triode probe. Residual cellulose was measured as described by Weimer and Zeikus 

(1977) except NaOH was used instead of formic acid. Cellobiose and end product concentration 

were measured by high-performance liquid chromatography (Waters Corp., Milford, MA) 

equipped with a refractive index detector (model 2414) and an ion exclusion column (Aminex 

HPX-87H; Bio-Rad laboratories, Hercules, CA) using 5 mM sulphuric acid as the mobile phase. 

Hydrogen and carbon dioxide concentrations were measured using an Agilent 7890A gas 
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chromatograph system (Agilent Technologies Canada Inc. Mississauga, ON), equipped with a 

Thermal Conductivity Detector (TCD). Samples were collected for proteomic analysis from two 

independently replicated experiments from mid-exponential and stationary phase cultures for 

each substrate.  

3.3.2 Electron microscopy 

Samples for scanning electron microscopy of C. termitidis grown on α-cellulose, were 

fixed with 4% buffered paraformaldehyde and centrifuged to collect pellet. Samples were 

washed with PBS, dehydrated in increasing concentrations of ethanol (50%-100%), CO2 critical 

point dried on Nucleopore polycarbonate membrane filters and sputter coated with carbon. 

Images were captured by using a JEOL 7000F Field Emission SEM. 

3.3.3 Sample preparation for proteomic analysis 

 Culture samples collected at mid-exponential and stationary phases of growth were 

centrifuged in a Sorval centrifuge at 4,750 x g for 20 min at 4 
0
C to separate cells from the 

supernatants. Proteins from the supernatants (secretomes) were isolated as follows: supernatants 

were first sterilized by passing through a 0.45 m filter and concentrated using Amicon 10 kDa 

ultra-centrifugal filter units (Millipore, Ireland) until about 1-2 mL of sample remained in the 

filter unit. Proteins were isolated using the filter aided sample preparation method (Wisniewski et 

al., 2009). Briefly, samples were denatured with 2 % final concentration of SDT-Lysis buffer 

(stock solution of 20 % SDS in 100 mM Tris/HCl, pH 7.6) and reduced with 100 mM (final 

concentration) of Dithiothreitol (DTT; Sigma Chemicals, USA) in water at 95 
0
C for 10-15 min. 

Thereafter, samples were sonicated for 2 min at room temperature and washed twice with 8 M 

urea. Proteins were alkylated in the dark with 0.05 M iodoacetamide solution in urea for 30 min 

at room temperature. The flow through was discarded after centrifugation and excess 
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iodoacetamide was quenched with 100 mM DTT for 10 min. Proteins were washed twice with 8 

M urea and once with 0.05 M ammonium bicarbonate (ABC) in water. Protein concentrations 

were determined by the Bicinchononic Acid (BCA) Protein Assay Kit (Pierce Biotechnology, 

Rockford, IL) as outlined by the manufacturer.  

Proteins were digested in a 1:50 trypsin/protein ratio (Promega, Madison, WI) for 18 hrs 

at room temperature. The entire filter unit was immersed in ABC for efficient digestion. Filter 

units were transferred to new 50-mL tubes and centrifuged at 4000 x g for 10 min to collect 

peptides (filtrate) for further analysis. Filter units were washed twice with 0.5 M NaCl by 

centrifugation to collect any remaining peptides. Peptides were acidified with 1% (final 

concentration) of 100% trifluoroacetic acid (TFA) and the concentration of the peptides was 

checked on a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE). Peptides 

were stored at −80°C, vacuum dried and re-suspended in 0.1% TFA. For isolating proteins from 

the cellular fractions (cell lysates), the pellets were washed thoroughly 3 times with 1X PBS (pH 

7.4) and processed to peptides as described above. Peptides were cleaned and desalted on a 

Agilent 1100 series HPLC by reverse phase chromatography using a C18 X-Terra column 

(1 × 100 mm, 5 μm, 100 Å; Waters Corporation, Milford, MA, USA) with 1% Acetonitrile (pH3) 

for 10 minutes and subsequently eluted with a 5 min linear gradient of 1-40% Acetonitrile at 150 

μl/min flow rate. Desalted peptides were stored at −80°C and lyophilized for subsequent iTRAQ 

labeling and 2D-HPLC-MS/MS analysis.  

3.3.4 iTRAQ Labelling  

For comparative analysis of the cellular fractions and the secretomes, each trypsinized 

protein sample (~100 μg) from both the cell lysates and secretomes was labelled with 4-plex 

isobaric Tags for Relative and Absolute Quantification (iTRAQ) reagent (Applied Biosystems, 
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Foster City, CA, USA), in accordance with manufacturer’s instructions. Mid-exponential phase 

samples from both cellobiose and α-cellulose grown cultures were labeled as follows: 114: 

cellobiose, mid-exponential sample (replicate 1); 115: cellobiose, mid-exponential sample 

(replicate 2); 116: α-cellulose, mid-exponential sample (replicate 1); 117: α-cellulose, mid-

exponential sample (replicate 2). Eight samples were labelled in total: 4 from the cell lysates and 

the other 4 from the secretomes. Stationary phase samples under both substrate conditions were 

similarly labeled: 114: cellobiose, stationary phase sample (replicate 1); 115: cellobiose, 

stationary phase sample (replicate 2); 116: α-cellulose, stationary phase sample (replicate 1); 

117: α-cellulose, stationary phase sample (replicate 2). Again 8 samples were labelled in total, 4 

from the cell lysates and the other 4 from the secretomes. Labeling reactions were stopped by 

diluting with water. Labeled samples from the mid exponential and stationary phases were mixed 

in equal proportions separately (2 groups each of 4 samples from the secretomes and 2 groups of 

4 from the cell lysates) and lyophilized for 2D-HPLC-MS/MS (Aggarwal et al., 2006). 

3.3.5 2-D Liquid chromatography-mass spectrometry analysis (2D-HPLC-MS/MS) 

Mixed iTRAQ labelled peptides were spiked with a mixture of six internal standard 

peptides (Krokhin and Spicer, 2009) and fractionated on the Agilent 1100 Series HPLC system 

using the C18 X-Terra column (as described above). Peptide fractions were eluted using a water-

acetonitrile gradient (pH 10; 20 mM ammonium formate in both eluents A (water) and B (90% 

acetonitrile, 10% water) buffers; 1% acetonitrile/min; 150 l/min flow rate).  Buffers A and B 

were prepared by a 1/10 dilution of a concentrated 200 mM solution of ammonium formate with 

water and acetonitrile, respectively. Forty-two (42) fractions were collected from the supernatant 

samples and 60 fractions collected from the cell lysates. These were concatenated as described 

by Dwivedi et al. (2008) into a total of 21 and 29 fractions, respectively. Fractions were 
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lyophilized and stored at -80 
0
C until needed. Each fraction was re-suspended in 100 l of 0.1% 

formic acid for second (2
nd

) dimension separation. 

 On-line 2
nd

 dimension separation was carried out on a splitless nanoflow Tempo LC 

system (Eksigent, Dublin, CA). Twenty l of sample was injected via a PepMap100 trap column 

(0.3 mm × 5 mm, 5 μm, 100 Å; Dionex Corporation, Sunnyvale, CA, USA) and a 100 μm × 150 

mm analytical column packed with 5 μm Luna C18(2) (Phenomenex, Torrance, CA). Both 

eluents A (2% acetonitrile in water) and B (98% acetonitrile) contained 0.1% formic acid as ion-

pairing modifier. A 0.35% acetonitrile/min linear gradient (0–35% B) was used for peptide 

elution, followed by 5 min wash with 90% B and 15 min column equilibration with 0% B, thus, 

providing a total of 2 h run time per fraction. 

3.3.6 Protein identification and statistical analysis 

An AB SCIEX QSTAR Elite mass spectrometer (Applied Biosystems) was used for 

peptide analysis in standard MS/MS data-dependent acquisition mode with a nano-electrospray 

ionization source. The spectrometer was set to perform data acquisition in the positive ion mode, 

with a selected mass range of m/z 400 to 1500 for 1 second (s). This was followed by three 

MS/MS measurements on the most intense parent ions (80 counts/s threshold, +2 to +4 charge 

state, and m/z 100 to 1500 mass range for MS/MS), using the manufacturer's ‘smart exit’ and 

built in iTRAQ settings. An isolation window for MS/MS ion selection was set to "unit", which 

corresponds to 0.7 Da. 

Proteomic identification was conducted using the IMG/ER version of the C. termitidis 

annotation of the genome available at DDBJ/EMBL/GenBank under the accession 

AORV00000000. Raw WIFF spectrum collection files were converted into Mascot Generic 

Format (MGF) using the Mascot.dll script bundled with Analyst QS2.0 (Perkins et al., 1999). 
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The concatenated MGF files were analyzed by both X!tandem  (Fenyo and Beavis, 2003) and 

our in house GPU system (McQueen  et al., 2012) with the same search settings, relying on 

X!tandem's internally generated decoy algorithm to give a false discovery metric. Settings used 

were: tryptic peptides, up to one missed cleavage; 100 ppm and 0.4 Da mass tolerances for 

parent and fragment ions respectively, and a constant PTM of carbamidomethylation on cysteine 

(C+57.021). A protein level false positive rate was estimated to be approximately 1.5 percent 

across all four conditions, while the false discovery rate on a peptide level was approximately 3 

to 4 percent. Identification results are summarized in Table 3.1, illustrating that approximately 

20% of the CID spectra yielded peptide sequence identifications. Spectra from cell lysates 

yielded ~ 1400 protein identifications with expectation values log(e) <-10 (a 1-in-10-billion 

probability the identifications have a better, random answer), while the secretomes yielded 

around 800 highly confident protein identifications.  

Proteins containing at least two peptides with expectation values log(e)< -1.5 each were 

selected for quantitation analysis, with peptide iTRAQ reporter intensities integrated over a ±0.1 

Da mass window of their hypothetical masses. Protein-level expression values as total ion counts 

(TIC) were the log2 value of the sum of their member peptide iTRAQ reporter-ion intensities; 

this permits relative expression analysis as the difference of these log2 values. Both cross-state 

(Z0=log2(TIC116)-log2(TIC114); Z1= log2(TIC117)- log2(TIC115)) and intra-replicate (R0= 

log2(TIC115)- log2(TIC114); R1= log2(TIC117)- log2(TIC116)) difference populations were 

constructed on a protein-by-protein level.  The cross-state populations exhibited standard 

deviations over 3 times greater than their intra-replicate counterparts, a good initial indication of 

the quality of the experimental design and runs. These four difference populations were each 

normalized (mean 0; standard-deviation 1) and subjected to a simple algorithm for merging them 
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into a single normalized expression value (Znet) (Verbeke et al., 2014), which was used in 

subsequent analysis. This final differential expression distribution is roughly Gaussian, with the 

outermost 33% of the population with Z-scores of ≥ ±1, outermost 10% of the population having 

absolute-value Z-scores ≥ ±1.65 and the outermost 5% of the population having absolute-value 

Z-scores ≥ ±1.96. Since Z-scores are normalized differential expression values between growth 

states, in units of standard deviation for their respective populations, a Z-score magnitude cutoff 

of ≥ ± 1.65, (representing approximately the outermost ten percent of the difference population), 

provides a good compromise between stringency and differential expression exploration and was 

used to define significant up and down regulation of expression. 

System wide expression trends were analyzed using our in-house lobe/UNITY analysis 

platform (Gungormusler-Yilmaz et al., 2014), which organizes proteins into annotation 

membership across four “higher-order variables” (HOVs) extracted from the IMG-ER “Export 

Gene Information” function (Markowitz et al., 2009). These HOVs were selected to both overlap 

somewhat and provide useful degrees of biological granularity, and include METACYC 

pathways, enzyme class (EC) numbers, clusters of orthologous group (COG) letters, and KEGG 

pathway modules. 

3.3.7 SDS page and in-gel trypsin digestion 

Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) was carried using Novex® 

4–12% Tris-Glycine gradient Gels (Invitrogen).  Twenty L of each protein sample was 

denatured and reduced by boiling for 5 min after combining with 5 μL of 5 × SDS loading buffer 

containing 100 mM DTT. Each sample was then loaded and separated on the gel and stained 

with coomassie Brilliant Blue R-250 (BioRad Laboratories). De-staining was carried out for 1 hr 
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using distilled water. Molecular weight markers used were obtained from Fermentas (Burlington, 

ON, Canada). 

A modified version of the method of Shevchenko et al. (1996) was used for In-gel trypsin 

digestion of proteins. Briefly, the protein bands from the gel were excised, and each band was 

diced into small pieces approximately 0.5 mm
3
 in size. The gel pieces were transferred into 

micro-centrifuge tubes and washed 3 times on a vortex mixer with distilled water. Five hundred 

L each of 100 mM ammonium bicarbonate buffer and 100 % acetonitrile was added and 

incubated with occasional vortexing 3 times for a period of 30 min each, or until the coomassie 

stain disappeared. Tubes were centrifuged and all the liquid was removed. Five hundred L of 

100% acetonitrile was added and incubated at room temperature with occasional vortexing, until 

gel pieces became white and hardened. The acetonitrile was removed by spinning in a micro-

centrifuge and the gel pieces were allowed to air dry for 5 min. Thirty to fifty L of 10 mM DTT 

was added to completely cover the gel pieces and incubated for 60 minutes at 60 
0
C. One mL of 

100% acetonitrile was added and incubated for 5 min, with mixing to dehydrate the gels. 

Acetonitrile was removed and the gels were allowed to air dry for 5 min. Thirty to fifty L of 

0.05 M iodoacetamide was added and incubated at room temperature in the dark for 20 min. Gels 

were dehydrated once again with 100 % acetonitrile and 30-50 L of trypsin (porcine, 

sequencing grade, modified; Promega Corp) was added. The tubes were incubated at 37 
0
C for 

18 hrs. Sixty to one hundred L of 0.1 %  TFA was added and the tubes were vortexed for 30 

min. Supernatants containing peptides were collected after centrifugation. Any remains were re-

extracted with 100 L of 100 % acetonitrile. The two elutes were combined and dried in a 

vacuum centrifuge. The dried pellet was re-dissolved in 10 to 20 μL of 0.1% formic acid for LC-

MS analysis. 
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3.3.8 Enzyme assays 

Endoglucanase activity, using 2% carboxymethyl cellulose (CMC) solution and xylanase 

activity (using 1.5 % solution of xylan) were assayed by measuring the amount of reducing 

sugars released by crude concentrated supernatants using the dinitrosalicylic acid method 

(Miller, 1959). Briefly, supernatants were collected and concentrated 10X using 10 kDa Amicon 

filter units and incubated with the substrate solution (1:10) at 40 
0
C for a total of 60 min. 

Samples were drawn at 10 min intervals into Eppendorf tubes and enzyme-substrate reaction was 

stopped with 1 % DNS solution. Tubes were boiled for 10 min and subsequently cooled for 5 

min on ice. The absorbance was measured at 540 nm and the amount of reducing sugar produced 

was deduced from glucose and xylose standard curves. Standard curves were prepared using 5, 

10, 15, 20 and 30 mmol/L of the respective sugar in acetate buffer (50 mM, pH 5.0).  

3.4 Results and Discussion 

3.4.1 Growth Characterization  

Figure 3.1 shows the growth pattern of C. termitidis on 2 g/L each of α-cellulose and 

cellobiose. C. termitidis remained at exponential phase for approximately 100 hrs in α-cellulose 

cultures (Figure 3.1A) and about 27 hrs in cellobiose cultures (Figure 3.1B). Small amounts of 

residual cellobiose and α-cellulose were detected at the end of growth, suggesting that metabolic 

end product accumulation (Supplementary Figure S1) was the reason for growth cessation. 

Growth on α-cellulose visually and microscopically shows C. termitidis adhering to the 

cellulosic substrate in a gel-like clumping fashion (Figures 3.2B and 3.2C). Adhesion/binding in 

some cellulolytic bacteria is an important adaptation for cellulolysis and has been suggested to be 

a strategy employed by Ruminococcus albus for cellulose hydrolysis (Morrison and Miron, 

2000). Enhanced cellulose hydrolysis is achieved by increasing the concentration of enzymes 
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near the substrates and rapid assimilation of released sugars, thereby excluding competitors (Lu 

et al., 2006). The mechanism of adherence in C. termitidis is unknown but is perhaps due to 

putative cellulosome formation (Figure 3.2D), through the possible secretion of extra-

polysaccharide glycocalyx or through cell surface binding proteins (Figure 3.2C).  

  



81 
 

 

b 

B 

 

 

 

 

 

 

 

 

Figure 3.1  Growth profiles of C. termitidis in cultures containing: 2 g/L -cellulose (A). Blue 

squares represent C. termitidis cell mass as determined by total protein extracted from cell pellets 

harvested at times indicated. Red squares indicate culture medium pH at times indicated; 2 g/L 

cellobiose (B). Blue diamonds indicate C. termitidis cell mass as determined by optical density at 

600 nm. Red squares represent culture medium pH at times indicated.  The arrows indicate 

sampling points for exponential (Exp) and stationary (Stat) phase proteomic analysis. 
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Figure 3.2  Growth of C.termitidis on α-cellulose. 1191 medium + α-cellulose (negative control) 

(A); 1191 + α-cellulose + C. termitidis (clumping/adhesion visibly observed) (B); Scanning 

electron micrograph of C. termitidis shows clumping as a result of possible extracellular S-layer 

proteins. Magnification, 5000x. White scale bar = 1µm (C); Scanning electron micrograph of C. 

termitidis shows putative cellulosome-like structures (white arrows) protruding from the cell 

surface and binding to the substrate. Magnification, 50,000x. White scale bar = 100 nm (D). 
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Table 3.1  Overview of the proteins and peptides identified in C. termitidis proteome (cell lysates and secretomes) resulting from  

 

growth on 2 g/L α-cellulose and 2 g/L cellobiose. 

 

 

  Cell lysate   Secretome 

Growth MS/MS Peptides Non-redundant Proteins  
 

MS/MS Peptides Non-redundant Proteins  

 phase spectra identified peptides log(e)<-10   collected identified peptides Log(e)<-10 

Exponential 104571 22506 11119 1444 

 

63849 14074 6396 733 

          

Stationary 99296 23510 12374 1457   87675 18990 8188 875 
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3.4.2 Protein identification: Overall findings 

Two biological replicates were used across all samples for proteomic analysis. Linear 

regression analysis shows good correlation (R
2 

> 0.99) between biological replicates of α-

cellulose and cellobiose grown cultures across 16 states (Supplementary Figures S2 and S3). 

Similarly, a correlation coefficient of > 0.8 was observed for protein Z-scores between growth 

conditions (α-cellulose versus cellobiose grown cultures) at both growth phases as indicated in 

Supplementary Figure S4. This suggests a high degree of reproducibility between the two 

independently replicated experiments (i.e. the biological replicates) with respect to protein 

stability, sample preparation, labeling, and analysis.  

Proteomic data analysis across growth phases and between cell-lysate and secretome 

fractions identified many proteins that were unique to specific growth condition. Of the 

approximately 1,400 proteins identified in the cell lysates, 1176 proteins were found to be 

common between the 2 growth phases (Figure 3.3). As expected, the numbers of proteins 

identified in the secretome was approximately half of those identified in the cell lysates. Six 

hundred and fifty-one (651) proteins were shared between the supernatants, while 538 and 677 

proteins were shared between the cell lysates and the secretomes, at exponential and stationary 

phases respectively.  

The large numbers of shared proteins may have resulted from secreted proteins that also 

bind to the cell wall, peptides from proteins anchored to the membrane may be cleaved and 

appear in the supernatant, and/or from cytosolic proteins being released into the supernatant by 

cell lysis. A study carried out by Lochner et al. (2011) also revealed high numbers of shared 

proteins between whole cell lysates and extracellular fractions of Caldicellulosiruptor 

obsidiansis. Their presence in the supernatants was primarily attributed to cell lysis. Thus, the 
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presence of intracellular proteins in the supernatant is not uncommon and has been observed in 

many previous studies (Manavalan et al., 2011; Kazemi-Pour et al., 2004; Muddiman et al., 

2010). 
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Figure 3.3  Venn diagram of proteins identified in the cell lysates and secretomes of C. 

termitidis at exponential and stationary phases. 
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An overview of the relative changes in protein expression between α-cellulose and 

cellobiose, observed in the outermost 10% (Z ≥ 1.65) of the population is given in Table 3.2. 

Proteins were grouped according to their COG designation to identify protein level responses to 

changing growth phases and substrates in both the cell lysates and the secretomes. The most 

pronounced changes, in terms of number of proteins affected, were observed with proteins in 

COG Class G (Carbohydrate Metabolism and Transport). Proteins in this category predominantly 

belong to cellulose degradation and metabolism processes, and thus were up-regulated in the 

proteome of α–cellulose grown cells. Conversely proteins in COG Class J 

(Translation/ribososmal Structure and Biogenesis) were down regulated in the proteome of α–

cellulose grown cells in both exponential and stationary phases. This is consistent with the 

slower growth observed on α–cellulose compared to cellobiose, or other soluble substrates as 

similarly observed in studies by Tolonen et al. (2011). 

Higher order variable Class X, which has no COG affiliation, had the highest numbers of 

up- or down-regulated proteins on α–cellulose and cellobiose in both growth phases. Although 

many carbohydrate active enzymes belong to this group of proteins, numerous hypothetical and 

surface layer proteins, which may have a putative role to play in cellulose degradation, also fall 

in this category.  

Further classification of the cell lysate proteins in to KEGG pathways and modules, in 

terms of the number of proteins expressed in α-cellulose relative to cellobiose in the outermost 

10% of the population, (Table 3.3) indicate that the main pathways affected were those 

associated with genetic information processing (M00178 and M00179), environmental 

information processing (M00190, M00196, M00207, M00209 and M00216), Amino sugar and 

nucleotide sugar metabolism (M00361 and M00362) and the pentose phosphate pathway.  
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Table 3.2  Number of proteins significantly up- or down regulated in different fractions and classified according to COG categories. 

 

Number of proteins expressed is limited to a relative Znet-score ratio (response to α-cellulose with respect to cellobiose) of ≥ 1.65 standard deviations (outermost 

10%) from the population mean. Proteins in category X have not been assigned into a COG class. Exp: exponential phase; Stat: stationary phase 

COG

category COG-description DOWN  UP    DOWN  UP    DOWN  UP    DOWN  UP    

G                   Carbohydrate transport and metabolism                       0 14 1 14 3 0 7 0

M                   Cell wall/membrane/envelope biogenesis                      1 4 0 3 3 2 4 2

I                   Lipid transport and metabolism                              0 2 0 2 0 0 0 0

H                   Coenzyme transport and metabolism                           0 2 0 5 0 0 0 0

U                   Intracellular trafficking, secretion, and vesicular transpor 0 2 2 0 0 0 0 0

V                   Defense mechanisms                                          0 2 0 2 0 0 0 0

R                   General function prediction only                            1 3 0 5 3 0 3 2

K                   Transcription                                               2 3 0 2 0 0 0 2

N                   Cell motility                                               2 1 4 1 0 0 0 0

T                   Signal transduction mechanisms                              4 2 0 0 0 0 0 0

C                   Energy production and conversion                            3 1 3 2 0 0 0 0

J                   Translation, ribosomal structure and biogenesis             6 2 9 1 0 0 0 0

S                   Function unknown                                            0 0 2 3 0 0 1 2

O                   Posttranslational modification, protein turnover, chaperones 0 0 1 2 2 0 3 0

D                   Cell cycle control, cell division, chromosome partitioning  0 0 0 0 2 0 2 1

X                   Not in COG                                               8 37 10 45 18 6 27 9

Cell lysate (Exp) Cell lysate (Stat) Secretome (Exp) Secretome (Stat)
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Table 3.3  Number of proteins classified in to specific KEGG modules up- or down regulated in the cell lysates  

KEGG 

 

Cell lysate (Exp) Cell lysate (Stat) 

Module KEGG-description Down Up Down Up 

M00207 Putative multiple sugar transport system 0 10 0 6 

M00196 Multiple sugar transport system 0 5 0 2 

M00190 Iron transport system 2 0 3 0 

M00179 Ribosome, archea 4 0 9 0 

M00178 Ribosome bacteria 9 0 14 0 

M00209 Osmoprotectant transport system 2 0 

  M00216 Multiple sugar transport system 2 0 2 0 

M00007 Pentose phosphate pathway, non-oxidative phase 

 

  0 2 

M00167 Reductive pentose phosphate cycle 

 

  0 2 

M00165 Reductive pentose phosphate cycle 

 

  0 2 

M00004 Pentose phosphate pathway 

 

  0 2 

M00215 D-Xylose transport system 

 

  0 2 

M00361 Nucleotide sugar biosynthesis, eukaryotes 

 

  2 0 

M00362 Nucleotide sugar biosynthesis, prokaryotes     2 0 

Number of proteins is limited to a relative Znet-score ratio (response to α-cellulose with respect to cellobiose) of ≥ 1.65  

standard deviations (outermost 10%) from the population mean. Exp, exponential phase; Stat, stationary phase 
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3.4.3 Identification of abundant proteins  

Supplementary Tables S7 and S8 show the top 20 abundant proteins in the cell lysates 

and the secretome fractions, respectively, in both exponential and stationary phases of growth, on 

α–cellulose and cellobiose. Abundance levels were measured as the sum of the signal intensities 

for all peptides associated with each specific protein, or total ion count (TIC) and expressed on a 

log2 scale. While cell lysis may have contributed to the presence of abundant cytosolic proteins 

in the secretome, abundant extracellular proteins were still detected. Bearing in mind the primary 

focus of the manuscript, relative expression of proteins mainly involved in carbohydrate 

hydrolysis and transport, in response to different substrates and growth phases, is discussed 

below. Specifically these include the extracellular adhesion proteins, carbohydrate active 

enzymes, and sugar transport proteins. 

3.4.3.1 Extracellular adhesion proteins 

The most abundant and highly expressed protein in both the cell lysates and the 

secretome, Cter_3944, is a hypothetical protein with amino acid sequence similarities to the 

secreted S-layer protein of Paenibacillus Pjdr2_2864 (Chow et al., 2012). It is interesting to note 

that S-layer proteins, and hypothetical proteins which have sequence identities to surface 

proteins (Cter_2684, Cter_2799) and cell wall binding proteins (Cter_1169) in other organisms, 

were among the most abundant secreted proteins. Bacterial S-layer is a self-assembling protein 

coat that serves, to stabilize and protect the organism from extreme environmental conditions, in 

attachment of extracellular proteins and enzymes, as well as having adhesive properties, which 

promotes attachment to the substrate (Sara and Sleytr, 1987; Sleytr and Messner, 1988; 

Engelhardt, 2007). Several S-layer proteins were either found to be similarly expressed in the 

cell lysates of both substrates, or were up-regulated on α-cellulose. Our assumption is that, C. 
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termitidis maintains close proximity to the substrate and minimizes diffusion of nutrients into the 

environment by anchoring cell surface proteins and carbohydrate degrading enzymes by 

cellulosome formation and/or via the S-layer proteins when grown on insoluble substrates, thus 

the gel-like clumping observed in cellulose grown cultures (Figure 3.2B).  

In the secretome however, high expression of S-layer proteins was observed in cellobiose 

cultures, suggesting their release into the environment due to the absence of any insoluble 

adhering substrate. In addition, SDS-page and in-gel trypsin digestion analysis of supernatant 

proteins from both α-cellulose and cellobiose, (Figure 3.4), revealed that the 2 most intense 

bands (~150 KDa and ~60 KDa) were predominantly rich in the hypothetical proteins Cter_3944 

and Cter_2684. S-layer proteins have been shown to be the most abundant proteins in bacteria 

and archaea that cover the cell surface with a protein coat (Sara and Sleytr, 2000). They have 

been identified as the most abundant proteins in the secretomes of Caldicellulosiruptor species 

(Blumer-Schuette et al., 2010; Muddiman et al., 2010) and Clostridium phytofermentans 

(Tolonen et al., 2011).   

Analysis of the secretome from both substrates identified a highly abundant flagellin 

protein (Cter_1555) with no significant variation in expression in all the different fractions 

analyzed. Flagellar proteins are known for their roles in motility, chemotaxis, and have been 

shown to aid in cellular attachment to substrates (Friedlander et al., 2013; Attridge and Rowley, 

1983). Bacteria have been known to use their flagella to aid in attachment to far reaching areas 

such as crevices, which may otherwise be inaccessible to the cell body (Friedlander et al., 2013). 

This property of some flagella may additionally contribute to the clumping behavior of C. 

termitidis observed on α-cellulose substrate and may be a strategy used by the bacteria to 

maximize its nutrient gains. 
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Figure 3.4  SDS-Page gel of secretomes from C. termitidis. Lane 1) Marker; Lane 2) exponential 

phase α–cellulose replicate 1; Lane 3) exponential phase α–cellulose replicate 2; Lane 4) 

exponential phase cellobiose replicate 1; Lane 5) exponential phase cellobiose replicate 2; Lane 

6) stationary phase α–cellulose replicate 1; Lane 7) stationary phase α–cellulose replicate 2; Lane 

8) stationary phase cellobiose replicate 1; Lane 9) stationary phase cellobiose replicate 2. 
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3.4.3.2 Expression of carbohydrate hydrolyzing proteins 

The C. termitidis genome is known to encode all the enzymes necessary for efficient 

hydrolysis of carbohydrates in to fermentable sugars. Some of these carbohydrate active 

enzymes are putatively secreted freely into the environment, while others are bound to the cell 

via a surface layer homology domain, or via a dockerin domain for inclusion into the 

cellulosome (Munir et al., 2014). The expression values of all the cellulosomal and non-

cellulosomal carbohydrate active enzymes identified in all fractions is presented in 

Supplementary Tables S9 and S10, respectively. 

3.4.3.2.1  Cellulases  

The C. termitidis genome is known to encode for enzymes that have endoglucanase, 

exoglucanase, and β-glucosidase activities.  The synergistic action of these groups of enzymes is 

required for complete hydrolysis of cellulose into sugars (Schwarz et al., 2004). Gene products 

of members with these activities, which include GH3, GH5, GH8, GH9, GH44 and GH48, were 

identified in our current analysis in high abundance. Table 3.4 shows the relative abundance of 

cellulases identified in all the fractions analyzed. It is interesting to note that the cellulosome-

associated enzymes and components were relatively highly expressed in α-cellulose grown 

cultures compared to cellobiose in the cell lysates.  CAZy expression and localization predicted 

by Psortb 3.0 (Yu et al., 2010) and by the presence/absence of signal peptides (Markowitz et al., 

2012), provides valuable insight into the enzymes used by C. termitidis for hydrolysis of 

hemi/cellulosic substrates. 

Three (Cter_0001, Cter_0526 and Cter_3731) of the five putatively non-catalytic 

cellulosomal components identified were expressed in all fractions tested. Cter_0520 was only 

detected in supernatant fractions, while Cter_0525 was expressed in all fractions except in 
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exponential phase supernatants. The higher expression levels of these putative cohesion I domain 

containing proteins at stationary phase in both the cell lysate and secretome is in agreement with 

findings of Raman et al. (2011) and Dror et al. (2003), who reported an increase in expression of 

cohesin containing cellulosomal components in C. thermocellum with decreasing growth rate at 

stationary phase. Bayer et al. (1996) and Coughlan et al. (1985) have shown that cellulosomes 

are attached to the cell during early log phase but start to become free in late exponential growth, 

and most are in the medium and attached to cellulose in the stationary phase. In addition, Wiegel 

and Dykstra (1984) have demonstrated in batch culture of C. thermocellum JW20 grown on 

cellulose that, in late logarithmic growth phase, when the pH reaches values of around 6.3, the 

cells start to sporulate and eventually enter stationary phase, where nearly complete cellulosome 

detachment occurs. A similar trend is seen in our current study where the expression of 

cellulosomal components as well as some cellulases in stationary phase, when the pH drops to 

below 6.4 (Figure 3.1), is higher than at mid exponential phase.  

Studies have previously shown that C. thermocellum exoglucanases and endoglucanases 

are highly expressed on α-cellulose compared to cellobiose grown cultures (Raman et al., 2009; 

Dror et al., 2005; Gold and Martin, 2007), the relative abundance profiles observed in the current 

study are consistent with these reports.  Exoglucanases GH 48 (Cter_0524) and GH 9 

(Cter_0521) were among the highly expressed enzymes on α-cellulose relative to cellobiose with 

the levels of expression increasing at stationary phase. Cter_0524 and Cter_0521 have sequence 

similarities (Munir et al., 2014) to C. thermocellum CelS (Guimarães et al., 2002) and CelK 

(Kataeva et al., 1999) respectively. This suggests that the C. termitidis exoglucanases may have 

the putate ability to attack cellulose from both the reducing and non-reducing ends.  
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Table 3.4  Znet-scores of putative cellulases and non-catalytic cellulosome components identified in C. termitidis cell lysate and  

secretome fractions. 

 

 
 

SIG PEP, signal peptide; DOC1, dockerin domain; COH, cohesion domain; CBMX, carbohydrate binding module of unknown 

function; SLH, surface layer homology domain. Highlighted cells indicate Z scores in the outermost 10% of the population (±1.65), 

with a positive Znet score indicating up-regulation on α-cellulose, while a negative value means up regulation on cellobiose. 

Locus Domain Locus-description Psortb 3 SIG PEP Mid-exponential Stationary Mid-exponential Stationary

CTER_1800 GH5_4-DOC1 Glycoside hydrolase family 5 (endoglucanase) Extracellular Y 2.48 0.17 0.17

CTER_0517 DOC1-GH5_17 Glycoside hydrolase family 5 (endoglucanase) Extracellular Y -0.07 1.58 1.00

CTER_0519 GH5_1-DOC1 Glycoside hydrolase family 5 (endoglucanase) Extracellular Y 2.89

CTER_4441 GH5_2-CBM17-CBM28-SLH-SLH-SLH Glycoside hydrolase family 5 (endoglucanase) Extracellular Y 1.57 1.1 0.57 0.44

CTER_0515 GH5_1-DOC1 Glycoside hydrolase family 5 (endoglucanase) Extracellular Y 2.68 2.87 1.29 0.36

CTER_0523 GH8-DOC1 Glycoside hydrolase family 8 (endoglucanase) Extracellular Y 1.91 2.57 -0.52

CTER_0516 GH9-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.72 2.68 -1.04

CTER_0518 GH9-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular N 2.42 2.96 0.35

CTER_0521 CBM4_9 -GH9-DOC1 Glycoside hydrolase family 9 (exoglucanase) Extracellular Y 2.57 3.62 1.15 0.54

CTER_0522 GH9-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.81 3.21 0.28 0.34

CTER_0272 GH9-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.78 -0.19

CTER_2830 GH9-CBM3-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.38 2.08 0.53 -1.27

CTER_2831 GH9-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.44 1.35 -1.58 -2.21

CTER_4545 GH9-CBM3-DOC1 Glycoside hydrolase family 9 (endoglucanase) Extracellular Y 1.24 2.33 -1.28 -0.79

CTER_4750 GH9 Glycoside hydrolase family 9 (endoglucanase) Extracellular N 0.08 -0.29 -1.09

CTER_4538 GH44-DOC1-CBM44 Glycoside hydrolase family 44 (Possible cellulose and xyloglucan activity) Extracellular Y 1.84 2.45 -1.27 -1.32

CTER_0524 GH48-DOC1 Glycoside hydrolase family 48 (exoglucanase) Extracellular Y 2.21 2.99 0.29 0.87

CTER_3694 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Cytoplasmic N 1.44 0.77

CTER_4215 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Cytoplasmic N 1.96 1.53

CTER_0384 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Cytoplasmic N 0.82

CTER_1173 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Cytoplasmic N -1.26 0.54

CTER_2732 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Extracellular Y 0.63 0.52

CTER_3560 GH3 Glycoside hydrolase family 3 (beta-glucosidase) Cytoplasmic N 1.26 2.245 0.70 0.27

Non-catalytic cellulosome proteins

CTER_0520 COH Cohesin domain-containing protein Extracellular Y -0.32 -0.12

CTER_0001 CBM3-COH Carbohydrate binding domain /Cellulose binding Extracellular Y 1.77 3.46 -0.46 0.92

CTER_0525 CBMX2-COH Cellulosome anchoring protein cohesin subunit Extracellular N 1.55 2.3 0.65

CTER_0526 CBMX2-COH Cellulose binding domain-containing protein Extracellular N 1.45 2.69 2.71 0.39

CTER_3731 COH-CBMX2-COH Carbohydrate binding domain X2/Cohesin domain Unknown N 2.21 2.30 0.36 0.75

Hydrolysis of cellulose to cellodextrins

Hydrolysis of cellodextrins

Cell lysate Secretome 
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Similarly, elevated expression levels of endoglucanases GH5 (5 proteins), GH8 (1 

protein), GH9 (7 of the 8 proteins identified) were observed on α-cellulose cultures compared to 

cellobiose cultures, with the levels increasing at stationary phase of growth (Table 3.4).  These 

results are broadly consistent with previous studies (Raman et al., 2009; Dror et al., 2005; Gold 

and Martin, 2007), which also reported increased expression of GH5 GH8 and GH9 

endoglucanases on α-cellulose compared to cellobiose. Overall, this suggests the need for a 

variety of enzymes to deconstruct cellulosic biomass. There were a number of cell-associated 

cellulases expressed at exponential phase that were only identified in the secretome at stationary 

phase, suggesting their release into the environment at later stages of growth. This is in 

agreement with our CMC activity analysis results (Figure 3.5A), which shows relatively little 

activity in early exponential phase supernatants. At late exponential phase, and in stationary 

phase, however, supernatant enzyme activity increased rapidly. In cellobiose grown supernatants 

of C. termitidis, even though putative endoglucanases were identified, no CMCase activity was 

detected, suggesting inactive cellulases.  

Members of GH3 CAZy family, the β-glucosidases, convert cello-oligosaccharides and 

cellobiose to glucose monomer units (Bronnenmeier et al., 1988). Four of the 11 GH3 encoded 

by the C. termitidis genome were detected in this study. Of these, CTER_2732 was shown to be 

present exclusively in the supernatants (Table 3.4). This suggests putative hydrolysis of complex 

sugars to glucose monomers extracellularly before assimilation.  
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Figure 3.5   Enzyme activities detected in the secretomes of C. termitidis grown on 2 g/L 

α-cellulose. A) CMC activity; B) Xylanase activity. Data points are averages of 3 independent 

replicates 
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3.4.3.2.2  Hemicellulases and other carbohydrate active enzymes 

Hemicellulose predominantly consists of xylans and mannans with β-1,4 linked 

backbones of xylose and mannose monomers, respectively  (Scheller and Ulvskov, 2010). 

Endoxylanases, which cleave the xylan backbone to smaller xylosaccharides, are commonly 

found in GH8, GH10, GH11 and GH30 CAZy families. The xylosaccharides released are further 

degraded to xylose monomers by the action of β-xylosidases found as members of the GH43 

family. Hemicellulose side chains are removed by the action of esterases and 

arabinofuranosidases. Table 3.5 shows the relative abundance of hemicellulases, mainly involved 

in the hydrolysis of xylans and mannans, identified in this study. Four of the 7 xylanases 

(Cter_2829, Cter_2434, Cter_4579, and Cter_4680) were found to be up-regulated on α-cellulose 

compared to cellobiose (Table 3.5), consistent with up regulation on α-cellulose of protein in the 

pentose phosphate pathway (Table 3.3). Of these, Cter_4579 and Cter_4680 were only detected 

in the secretome fraction suggesting secretion in to the environment. While the other 3 xylanases 

showed relatively little differences in expression between the two substrates. This is in contrast 

to the findings in C. thermocellum, where increased expression of xylanases was observed on 

cellobiose grown cultures compared to cellulose (Raman et al., 2009; Dror et al., 2005; Gold and 

Martin, 2007). This may be due to the fact that unlike C. thermocellum which does not grow on 

hemicellulosic substrates, and is known to use its xylanases to expose cellulose through the 

degradation of hemicelluose, C. termitidis is able to grow on a variety of hemicelluloses, 

including xylan. The increased expression of hemicellulases, including both mannanase 

(Cter_4544) and xylanases, on α -cellulose as the sole substrate may be a means by which C. 

termitidis prepares itself for mining energy from insoluble plant substrates, including 

hemicellulose. In addition, a number of carbohydrate esterases and an arabinofuranosidase with 
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activities against hemicellulose side chains were also identified which were broadly up regulated 

on α-cellulose. The highly expressed xylanase, Cter_2434 (multi-domain  GH10) was found to 

be expressed in abundance on α-cellulose in all fractions tested and was in fact one of the 

proteins identified in high abundance in the ~150 KDa gel band from both growth phases (Figure 

3.4). This is consistent with the xylanase activity assay (Figure 3.5B), which showed activity 

from early growth. As expected, no xylanase activity was observed in cellobiose grown 

supernatants.  

Members of GH18 CAZy family are chitinases, which are enzymes responsible for chitin 

degradation. A total of five GH18 chitinase genes have been identified in the C. termitidis 

genome, of which 3 were detected and were highly expressed and up-regulated on cellobiose 

cultures relative to α-cellulose (Table 3.5). The multidomain GH18, Cter_2813 (GH18-GH18-

GH18-CBM12-CBM12) was one of the top 3 proteins detected in the ~150 KDa gel band at both 

growth phases on cellobiose. This suggests that expression of genes for these proteins in C. 

termitidis is regulated by the presence of cellodextrins rather than polysaccharides.  

 

 



100 
 

Table 3.5   Znet-scores of hemicellulases and other highly expressed glycoside hydrolases identified in C.termitidis cell lysates and 

Secretomes.  
 

 
 

SIG PEP, signal peptide; DOC1, dockerin domain; COH, cohesion domain; CBMX, carbohydrate binding module of unknown 

function; SLH, surface layer homology domain.. Highlighted cells indicate Znet scores in the outermost 10% (±1.65) of the 

population, with a positive Znet score indicating up-regulation on α-cellulose, while a negative value means up regulation on 

cellobiose. 

 

Locus Domain Locus-description Psortb 3 SIG PEP Mid-exponential Stationary Mid-exponential Stationary

Hydrolysis of xylan to xylosaccharides

CTER_2829 GH8-DOC1 Glycoside hydrolase family 8  (reducing end xylanase) Extracellular Y 2.03

CTER_1803 GH10-CBM6-DOC1 Glycoside hydrolase family 10 (endo-1,4 beta xylanase) Extracellular Y -0.04 -0.69

CTER_2434 CBM22-CBM22-CBM22-GH10-CBM9-SLH Glycoside hydrolase family 10 (endo-1,4 beta xylanase) Extracellular Y 1.90 1.89 1.33 0.87

CTER_3705 GH11-DOC1 Glycoside hydrolase family 11 (endo-1,4 beta xylanase) Extracellular Y 0.26

CTER_4579 GH11 Glycoside hydrolase family 11 (endo-1,4 beta xylanase) Extracellular Y 1.32 -0.48

CTER_4680 GH11 Glycoside hydrolase family 11 (endo-1,4 beta xylanase) Extracellular Y 2.47 0.41

CTER_2867 GH30_8-DOC1 Glycoside hydrolase family 30 (endo-1,4-beta-xylanase ) Extracellular Y -0.19

Xylosaccharides to xylose

CTER_4060 GH43-CBM35-CBM35-CBM35-CBM35-CBM13-SLH-SLH-SLH Glycoside hydrolase family 43 (beta-xylosidase) Extracellular Y -1.06

CTER_2817 CBM66-CBM66-CBM66-GH5_dist-GH43-CBM35-CBM66-GH43-SLH-SLH-SLH Glycoside hydrolase family 5/43 (putative beta-xylosidase) Extracellular Y 0.10

Removal of hemicellulose side groups

CTER_3501 GH51 Glycoside hydrolase family 51 (arabinofuranosidase) Extracellular Y 0.53 0.28 -0.22

CTER_5018 DOC1-CE4 Carbohydrate Esterase Family 4 (xylanase/chitin deacetylase) Extracellular Y 2.30 0.49 0.08

CTER_5022 DOC1-CE15 Carbohydrate Esterase Family 15 ( activity against xylan) Extracellular Y 2.61

CTER_1086 CE4 Carbohydrate Esterase Family 4  ( xylanase/chitin deacetylase) Extracellular N -0.07 0.02 0.44 0.97

CTER_1232 CBM36-CE4 Carbohydrate esterase family 4 ( xylanase/chitin deacetylase) Extracellular Y 0.69 1.08

CTER_2733 CE7 Carbohydrate esterase family 7 (acetyl xylan esterase ) Cytoplasmic N -0.27 -0.42 0.135 -0.53

CTER_3692 CE7 Carbohydrate esterase family 7 (acetyl xylan esterase) Cytoplasmic N -0.22 -0.66 -0.05 -0.17

CTER_4105 CE7 Carbohydrate esterase family 7 (acetyl xylan esterase) Cytoplasmic N -1.87

CTER_4544 CBM35-GH26-DOC1 Glycoside hydrolase family 26 (beta mannanase) Extracellular Y 2.10 3.07 0.30 0.17

Other Glycoside hydrolases

CTER_1364 GH18-CBM12-GH18 Glycoside hydrolase family 18 (chitinase) Extracellular Y -1.81 -2.81

CTER_2813 GH18-GH18-GH18-CBM12-CBM12 Glycoside hydrolase family 18 (chitinase) Extracellular Y -2.19 -2.61 -3.52

CTER_3349 GH18 Glycoside hydrolase family 18 (chitinase) Extracellular Y -0.13 -2.30 -2.52

Cell lysate Secretome
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3.4.3.3 Sugar transport proteins 

The extracellular hydrolysis of polysaccharides requires that the resulting soluble 

saccharides be transported into the cell prior to fermentation. The C. termitidis genome 

annotation has revealed the presence of a large population of genes encoding ATP-binding 

Cassette (ABC) superfamily, suggesting the import of carbohydrates via ABC-type transport 

system.  In addition, a large number of glycoside hydrolases have been found to lie in close 

proximity to these transporter proteins on the genome, further adding to their credence in sugar 

import. Uptake of molecules via the ABC system involves a high affinity extracellular binding 

protein and/or periplasmic proteins, transmembrane permeases, and ATPase subunits (Tam and 

Saier, 1993; Higgins, 2001). ABC proteins that function in sugar transport (extracellular binding, 

ATP binding ATPase subunits, and permeases), amino acid transport, and transport of various 

peptides and metals, were regulated when C. termitidis was cultured on both α–cellulose and 

cellobiose (Supplementary Table S11).  

Extracellular binding protein family 1 (Cter_1110) is known to specifically bind sugars 

and was expressed in all the fractions, suggesting its possible role in binding available sugars for 

uptake. Of the highly expressed ABC transporters (Supplementary Tables S7, S8, S11), 

Cter_4496 (Cter_4496 to Cter4498) was the most expressed. It was up-regulated in α–cellulose 

cultures in the cell lysates compared with cellobiose cultures. In the secretomes however, 

Cter_4496 was more responsive to cellobiose cultures. The possibility of it being secreted, based 

on the presence of a signal peptide and on the inability of Psortb 3.0 to predict its precise 

location, may be a reason for this effect, suggesting that due to its abundant presence and lack of 

binding substrate in cellobiose culture, it is secreted in to the environment.  
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Other ABC sugar transporter proteins expressed in high abundance in all fractions and 

up- regulated on α–cellulose also form part of putative clusters and include the Cter_2439 

(Cter_2437 to Cter_2439), Cter_3554(Cter_3554 to Cter_3557) and, Cter_0390 (Cter_0390 to 

Cter_0392). These proteins do not have an associated ATPase subunit and complex formation 

may be through independently transcribed ATPase subunits. Cluster Cter_2437 to Cter_2439 is 

presumed to be involved in xylose transport. This is because a cluster of 3 endoxylanase genes 

(Cter_2434 to Cter_2346) is located adjacent to the ABC transporters on the C. termitidis 

genome. Highly expressed xylose specific ABC transporter Cter_5427 to Cter_5429 has an 

associated ATPase subunit and was observed to be up-regulated on cellobiose relative to α–

cellulose. The regulation of ATP transport proteins, GH3 family of proteins- both cytoplasmic 

and extracellular (Table 3.4) and, the GH94 (cellobiose phosphorylase; Supplementary Table 

S10), suggest that C. termitidis is able to transport both short-chain oligosaccharides/cellobiose 

for phosphorolysis or hydrolysis by cytosolic enzymes and, simple sugars such as glucose, for 

fermentation. 

3.5 Conclusions 

The iTRAQ data collected in this study indicate that during growth on two substrates, 

(cellulose relative to cellobiose), C. termitidis produces a wide variety of both secreted and cell 

bound cellulosomal and non-cellulosomal cellulases and hemicellulases, as well as a large 

number of adhesion proteins, which collectively contribute to hydrolysis of cellulolytic material 

for uptake through a large array of ABC sugar transport proteins identified. While the expression 

of cellulosomal cellulases, such as exoglucanases (GH48, GH9), endoglucanases (GH5, GH8, 

GH9), and hemicellulases including xylanases (GH8, GH10, GH11) and mananase (GH26) were 

up-regulated on α-cellulose, non-cellulosomal CAZymes did not change much between substrate 



103 
 

conditions except for chitinases (GH18), which were expressed abundantly in the secretome of 

cellobiose grown cells. Furthermore, the increased expression of cellulosomal proteins in the 

secretome of α-cellulose grown cells at stationary phase of growth, putatively due to cellulosome 

release from the cell, may have resulted from decreasing supply of oligosaccharides and may be 

a strategy employed by C. termitidis of finding a new source of nutrition. In addition, the 

expression of xylanases and xylose associated transport proteins in the absence of pentose sugars 

suggests that C. termitidis has the possible ability to hydrolyze and utilize both hexoses and 

pentoses simultaneously. This will be a useful feature of C. termitidis to exploit for CBP. This 

study reports for the first time on the quantification and identification of the cellulolytic 

machinery employed by C. termitidis to hydrolyze complex carbohydrates such as cellulose. 

Further metabolic studies employing transcriptomics integrated with proteomics, on a variety of 

carbohydrates, will give a better picture of gene expression and regulation for biomass 

conversion. 
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Chapter 4 

Transcriptomic and proteomic analyses of core metabolic pathways in 

Clostridium termitidis CT1112 during growth on α-cellulose, xylan, 

cellobiose and xylose 

 

This is chapter is based on the following publication that has been submitted for publication in 

BMC microbiology: Riffat I. Munir, Victor Spicer, Dmitry Shamshurin, XiangLi Zhang, 

Oleg V. Krokhin,  Marcel Taillefer, Warren Blunt, Nazim Cicek, Richard Sparling, and 

David B. Levin (2015). Transcriptomic and proteomic analyses of core metabolic pathways in 

Clostridium termitidis CT1112 during growth on α-cellulose, xylan, cellobiose and xylose. 

 

4.1 Abstract 

In this study, RNA seq transcriptome profiles and 4-plex 2D HPLC-MS/MS quantitative 

(iTRAQ) proteomic profiles were used to identify and evaluate changes in gene and gene product 

expression during growth of C. termitidis on cellobiose, xylose, xylan, and α–cellulose. 

Correlation of transcriptome and proteome data with metabolic profiles identified putative 

carbon flux pathways in C. termitidis. The majority of the proteins associated with central 

metabolism were detected in high abundance. While major differences were not observed in gene 

and gene product expression for enzymes associated with metabolic pathways under the different 

substrate conditions, xylulokinase and xylose isomerase of the pentose phosphate pathway were 

found to be highly up regulated on five carbon sugars compared to hexoses. In addition, genes 

and gene products associated with a variety of cellulosome and non-cellulosome associated 

CAZymes were found to be differentially expressed. Specifically, genes for cellulosomal 
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enzymes and components were highly expressed on α–cellulose, while xylanases and 

glucosidases were up-regulated on 5 carbon sugars with respect to cellobiose. Chitinase and 

cellobiophosphorylases were the predominant CAZymes expressed on cellobiose. A number of 

these CAZymes were found to be putatively regulated by two component regulatory system and 

CcpA proteins. There were little changes in core-metabolic pathways under the different carbon sources 

compared. The most significant differences were found to be associated with the CAZymes, as well as 

specific up regulation of some key components of the pentose phosphate pathway in the presence of 

xylose and xylan.  This study has enhanced our understanding of the physiology and metabolism of C. 

termitidis, and provides a foundation for future studies on metabolic engineering to optimize biofuel 

production from natural biomass. 

4.2 Introduction 

While the genome of an organism can suggest metabolic potential and putative pathways 

associated with metabolism, high data density “omics technologies” such as transcriptomics and 

proteomics (Ulrich-Merzenich et al., 2007) provide insights into the selection of genes used for 

metabolism under specific growth conditions and have been used to understand the genetic and 

the central carbon metabolism mechanisms for the production of desired end-products in various 

cellulolytic clostridia cultured on different substrates (Wei et al. 2014; Wilson et al. 2013; 

Rydzak et al. 2012; Raman et al. 2011; Stevenson and Weimer 2005). In addition, studies have 

previously suggested that C. thermocellum modulates cellulosomal subunit composition to better 

suit the organism’s needs for growth under different conditions (Raman et al., 2009). More 

recently, transcriptome analysis of C. cellulolyticum cultured on different substrates (Xu et al., 

2013) revealed substrate specificity of CAZymes and the transcriptional regulation of core 

cellulases by Carbon Catabolite Repression (CCR). Such studies are vital and can be exploited 

for process and genetic engineering for more effective industrial biofuel production.  
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Clostridium termitidis CT1112 genome encodes for a variety of carbohydrate-active 

enzymes (CAZymes), as well as cellulosome componenets that collectively aid in the 

deconstruction of complex polysaccharides such as cellulose (Munir et al., 2015). No studies 

however, have been reported so far on the expression of genes involved in C. termitidis substrate 

hydrolysis and metabolism. In this study, C. termitidis was cultured on lignocellulose derived 

simple and complex carbohydrates: cellobiose, xylose, xylan, and α–cellulose as sole carbon 

sources. RNA seq transcriptome profiles (next generation sequencing to identify and quantify 

RNA in biological samples) and 4-plex 2D HPLC-MS/MS quantitative (iTRAQ) proteomic 

profiles were analyzed to identify the genes involved in substrate degradation, cellodextrin 

transport and end product synthesis related genes. Identification of these genes is important in 

understanding the metabolic networks of C. termitidis and could be valuable engineering targets 

for improving biomass to biofuel production.  

4.3 Material and Methods 

4.3.1 Bacteria and culture conditions 

Clostridium termitidis CT1112 was cultured anaerobically in complex 1191 medium 

(Islam et al., 2006) containing 2 g/L each of cellobiose, xylose, α-cellulose and beechwood xylan 

(Sigma-Aldrich Canada) at 37 
0
C. Batch experiments to investigate the ability of C. termitidis to 

utilize xylose and cellobiose concomitantly were conducted in Balch tubes (Bellco Glass Co.) 

with a total working volume of 27 mL. Sterile, anaerobic cellobiose and xylose were added to the 

tubes to a final concentration of 1 g/L each. For the mixed substrates, cellobiose plus xylose (1 

g/L anaerobic cellobiose and 1 g/L anaerobic xylose) were added so that the final concentration 

was 2 g/L. Fresh cultures were maintained as described in chapter 3. All chemicals were reagent 

grade and were obtained from Fischer Scientific unless otherwise stated.  
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Growth experiments were conducted in 3 independent biological replicates. Cell growth 

was monitored by spectrophotometry and or protein concentration (Biochrom, Novaspec II) at 

600 nm (OD600) for cellobiose, xylose and xylan cultures every four hours and, by total protein 

concentration for the α-cellulose experiments every 24 h, as described in chapter 3. 

4.3.2 Gas measurement, pH, end-product analysis and sample collection 

Measurement of hydrogen (H2), carbon dioxide (CO2) pH and end products was conducted as 

described in chapter 3. The carbon recovery, which is a useful index in checking that the carbon 

that is consumed in the substrate is accounted for, was calculated using values from end 

products, substrate consumption, and production of cell mass. Assuming cellobiose is the carbon 

source, and the elemental composition of cellular material is C4H7O2N (Rydzak et al. 2009), the 

carbon balance was calculated using the formula: 

[(4xProtein)+(3xLactate)+(2xEthanol)+(2xAcetate)+(Formate+CO2)/(12xcellobiose consumed)], 

with all quantities expressed on a molar basis. Coefficients in the equation represent the number 

of carbon atoms in each molecule. Furthermore, electrons that are removed from oxidation of 

glucose and xylose, must be conserved. By convention, oxygen (reducing agent) and hydrogen 

(oxidizing agent) are assigned redox values of 1 and -½, respectively (Gottschalk 1986). Each 

end product can then be assigned a redox value by subtracting half the number of hydrogen 

atoms from the number of oxygen atoms present in the compound. A negative redox value 

indicates that the end-product is reduced, and a positive redox value indicates the end-product is 

oxidized. An electron balance (oxidation reduction ratio) was performed by dividing the 

concentrations of the oxidized end-products by the concentrations of the reduced end products, 

multiplied by their respective redox value using the formula: 
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 [(2xEthanol) +H2 / ( 2x CO2)+Formate=1].  

 Samples for the isolation of total RNA and protein, for RNA seq and proteomic analysis 

respectively, were collected at exponential phase of growth for each substrate from two 

independently replicated experiments. Culture samples were centrifuged to collect pellets. Cell 

pellets for RNA isolation were submerged in RNA later solution (Life technologies, Burlington, 

Canada). All cell pellets were stored at -80 
0
C until further use. 

4.3.3 Total RNA isolation and RNA sequencing  

Total RNA from cell pellets was isolated using the ChargeSwitch magnetic bead-based 

technique for RNA extraction (Life Technologies, Burlington, Canada) according to the 

manufacturer’s instructions. Samples were treated with DNase to remove contaminating DNA. 

Total RNA concentrations and purity were measured on NanoDrop spectrophotometer ND-1000 

(NanoDrop Technologies, Wilmington, USA), and RNA integrity was assessed using Experion 

Automated electrophoresis system (Bio RAD, Mississauga, Canada). RNA sequencing was 

carried out using the Illumina HiSeq 2000 platform by McGill University and Genome Quebec 

Innovation Center, from high quality RNA samples (RIN > 7). 

4.3.4 Proteomic analysis 

 Cell pellets were washed thoroughly 3 times with 1X PBS (pH 7.4) and proteins were 

isolated using the filter aided sample preparation method (Wisniewski et al., 2009) as described 

in chapter 3. Each trypsinized protein sample (~100 μg) was labelled with 4-plex iTRAQ reagent 

(Applied Biosystems, Foster City, CA, USA), in accordance with manufacturer’s instructions. 

Samples were labeled as follows: 114: cellobiose (replicate 1); 115: xylose (replicate 1); 116: α-

cellulose, (replicate 1); 117: xylan (replicate 1). Samples from biological replicate 2 for each 

substrate were similarly labeled. Labeling reactions were stopped, fractionated in to 26 fractions 
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and concatenated and separated in two dimensions as described previously in chapter 3 except 

that a TripleTOF 5600 mass spectrometer (Applied Biosystems, Foster City, CA) was used in 

standard MS/MS data-dependent acquisition mode with a nano-electrospray ionization source.   

4.3.5 Protein and RNA identification and statistical analysis 

Reads from RNAseq and the peptide MS/MS spectra from proteomic analysis were 

identified by mapping to the IMG-ER version of the C. termitidis annotation of the genome 

available at DDBJ/EMBL/GenBank under the accession AORV00000000. For proteins, raw data 

was processed as described in chapter 3. Transcriptomic analysis (RNA seq) was performed 

using an in-house alignment and quantitation engine that enumerates exact 100mer alignments of 

the illumina paired end read sets against their source genes. The entire RNA seq dataset has been 

deposited in NCBI’s Gene Expression Omnibus (GEO, Edgar et al., 2002) database under 

accession number GSE66125 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66125). 

Prior to analysis, expression data from RNAseq and proteomics is subjected to some 

simple filtering: RNAseq values must have at least two alignment counts, and proteins must have 

at least two peptides with expectation values of log(e)< -1.5 each. Expression values as total ion 

counts (TIC) were the log2 value of the sum of their member peptide iTRAQ reporter-ion 

intensities (CID fragments) for proteomics and, log2 of the sum of 100-mer alignment elements 

per gene for transcriptomics for simplified differential analysis and comparison. Relative 

expression levels between growth conditions for RNA transcripts were computed using a simple 

transformation, which combines difference measurements into unified expression notations: R, 

based on RNA level Z-scores and measured in units of standard deviation. For each comparison, 

four different measurements were determined, which incorporate the intra replicate (Z0 = BX–

AX, Z1 = BY–AY), as well as the cross state (Z2 = AX –AY; Z3 = BX–BY) variability, where A 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66125
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and B represent two biological replicates and X and Y represent different substrates. In the case 

of 2D-HPLC MS/MS, due to the large differences in the number of CID spectra collected 

between biological replicates (278000 versus 146000) and corresponding differences in peptide 

and protein identification and quantitation, we opted to conduct analysis using only the larger run 

set. The validity of the current proteomic data was however confirmed by comparing it to a 

previous iTRAQ run on α-cellulose and cellobiose (chapter 3). Therefore only the cross state 

difference measurements: P, were used for the analysis in this study.  

For both RNA seq and proteomics, data from xylose, xylan and α-cellulose was measured 

against cellobiose. The resulting difference populations were each normalized to a mean of zero 

and a standard deviation of 1 and subjected to a simple algorithm for merging them into a single 

normalized expression value, Rnet and Pnet, for transcriptomics and proteomics respectively, 

which were used in subsequent analysis. For the current work, normalized transcriptomic values 

Rnet are represented as follows: (i) R0 = xylose grown cells – cellobiose grown cells; (ii) R1 = 

α-cellulose grown cells – cellobiose grown cells; and (iii) R2 = xylan grown cells – cellobiose 

grown cells.  Similarly, normalized proteomic values Pnet are represented as follows: (i) P0 = 

xylose grown cells – cellobiose grown cells; (ii) P1 = α-cellulose grown cells – cellobiose grown 

cells; and (iii) P2 = xylan grown cells – cellobiose grown cells. Therefore, for any protein or 

RNA, a negative value represents higher expression on cellobiose, while a positive value 

represents higher expression in any of the other corresponding substrate. As described in chapter 

3, a Z-score magnitude cutoff of ≥ ±1.65, (representing approximately the outermost ten percent 

of the difference population) was set to provide a good compromise between stringency and 

differential expression exploration and measurements of up regulation and down regulation. 
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4.3.6 Genome analysis  

Unless specified, BLASTP search tools with default settings in IMG-ER were used to 

assess homology with other bacteria (Markowitz et al., 2009). Putative catabolite responsive 

elements (Cre sequences) in the C. termitidis genome were searched for with an ad hoc perl 

script using the reported consensus sequence from Bacillus subtilis (Miwa et al., 2000) as a 

query. 

4.4 Results and Discussion 

4.4.1 Growth and End-product synthesis 

Cell growth of C. termitidis, based on OD600 values, protein concentration, substrate 

consumption and end-product formation during growth on the four substrates (2 g/L each of 

cellobiose, xylose, α-cellulose and beechwood xylan), is shown in Figure 4.1 and Supplementary 

Figure S5. Because cells used for various inoculations were grown on the same medium with the 

same substrate, no lag in growth was observed under all conditions tested. C. termitidis remained 

in exponential phase for up to approximately 80 hrs on α-cellulose. On both xylan and cellobiose 

the cells were in exponential phase for up to approximately 20 hrs, and up to 24 hrs on xylose. 

The generation times, calculated based on growth in exponential phase, were 19.5 hrs per 

generation for α-cellulose, 4.7 hrs per generation for cellobiose, and 4.8 hrs per generation for 

xylose. In the case of xylan, a generation time of 5.5 h was observed, a value which is more 

comparable to those reported for soluble substrates.   

Hydrogen, CO2, lactate, formate, acetate and ethanol were identified as the major 

fermentation end-products and their synthesis patterns correlated with cell growth under all 

conditions. In cultures containing cellobiose or xylose, acetate, and formate were the major 

soluble end products. Acetate, formate and lactate production increased sharply with a drop in 
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pH. However, in cultures containing insoluble substrates (α-cellulose and xylan), acetate was the 

dominant soluble end-product during late exponential phase and stationary phase of growth. 

Overall average carbon recovery for xylose and cellobiose was 0.87 and 0.89 respectively. 

Oxidation:reduction ratios for α-cellulose, cellobiose, and xylose were calculated to be 0.96, 

0.93, and 0.87, respectively, indicating that most of the major end-products were accounted for. 

The carbon balance for xylan cultures could not be completed due to lack of adequate 

quantification methodology. Samples for proteomics and RNA sequencing were taken at 

exponential phase of growth as indicated by the arrows in Figure 4.1. 
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Figure  4.1  Growth curves for C. termitidis cultured on 2 g/L each of α-cellulose (A), cellobiose 

(B), xylan (C) and xylose (D). Arrows indicate the time points sampled for proteomics and 

transcriptomic analysis. Reported values are averages of three biological replicates.  
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4.4.2 RNA sequencing and Proteomics (Overall findings) 

RNA sequencing and iTRAQ 2D-HPLC MS/MS were carried-out with C. termitidis cultures 

under 4 different substrate conditions, to identify changes in gene and protein (gene product) 

expression profiles, respectively. For RNA, linear regression analysis of log2 of the sum of 100-

mer alignment elements shows good correlation (R
2  

>  0.9) between biological replicates under 

all conditions tested (Supplementary Figure S6). This suggests a high degree of reproducibility 

between the two independently replicated experiments with respect to stability, sample 

preparation, sequencing, and analysis. Furthermore, scatter plot analysis of intra-replicate and 

across state (between substrates) RNA Z-scores indicated differences in gene expression when 

moving from one state to another. However, very little variation was observed between 

biological replicates (Supplementary Figure S7). Differences observed were more pronounced 

between α–cellulose vs cellobiose, followed by xylan vs cellobiose. RNA Z-scores between 

xylose and cellobiose showed the least differential expression.  

Overall, of the 5,389 total genes encoded by the C. termitidis genome, RNA reads 

successfully aligned approximately 95% of the genes in the various substrates. (5,131 genes 

between xylose and cellobiose, 5229 genes between α-cellulose and cellobiose, and 5120 genes 

between xylan and cellobiose). This indicates that RNA seq analysis achieved a comprehensive 

coverage of the C. termitidis transcriptome. 

In the case of Proteomic data analysis, 278048 MS/MS spectra identified 95934 peptides 

(22518 non-redundant) spanning 2345 proteins with expectation values log(e)<-10 (a 1-in-10-

billion probability that the proteins identified have a better random answer). Even though RNA 

seq and proteomics offered different degrees of gene access, overall analysis showed a similar 

trend in gene and gene product expression, with the TIC and the RNAseq expression values in 
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the same substrate correlating reasonably well. As such, RNA sequencing data was mainly used 

for analysis in this study, with the proteomics data used for confirmation/supporting purposes. 

The expression values and Znet scores of all the genes and their products identified in C. 

termitidis cultured under various substrate conditions is provided in Supplementary Table S12. 

An overview of the relative changes in expression, observed in the outermost 10% of the 

populations (Z-scores magnitudes ≥ 1.65) is given in Table 4.1. Genes and proteins were 

grouped according to their respective COG designation to identify responses to changing 

substrate conditions. The most pronounced changes, in terms of number of genes/proteins 

affected, were observed in COG Class G (Carbohydrate Metabolism and Transport). Members in 

this category are predominantly involved in the degradation and metabolism of lignocellulosic 

substrates, and thus there were more up-regulated members than down- regulated in the 

substrates tested compared to cellobiose. Other categories that were also well represented, with 

10 or more members under specific substrate conditions, include COG classes M (Cell 

wall/membrane/envelope biogenesis), E (amino acid transport and metabolism), Q (Secondary 

metabolites biosynthesis, transport and catabolism), R (General function prediction), and S 

(Function unknown). 
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Table 4.1  Number of genes and proteins in COG classes up- and down-regulated on various substrates compared to cellobiose. 

Down Up Down Up Down Up Down Up Down Up Down Up

C                   Energy production and conversion                            3 1 2 1 3 1 3 1 2 0

D                   Cell cycle control, cell division, chromosome partitioning  2 0 1 2

E                   Amino acid transport and metabolism                         8 14 2 4 4 8 0 3 4 0 2 0

F Nucleotide transport and metabolism                         0 2

G                   Carbohydrate transport and metabolism                       11 32 3 23 5 28 3 20 7 40 5 24

H                   Coenzyme transport and metabolism                           4 3 1 6 0 2 2 0

I                   Lipid transport and metabolism                              7 1 2 0 1 3 1 2 4 0 4 0

J                   Translation, ribosomal structure and biogenesis             4 1

K                   Transcription                                               6 1 4 6 1 3 1 2 3 1

L                   Replication, recombination and repair                       3 1

M                   Cell wall/membrane/envelope biogenesis                      3 1 1 15 1 9 1 2

N                   Cell motility                                               3 1 2 1

O                   Posttranslational modification, protein turnover, chaperones 2 1 3 4 2 5

P                   Inorganic ion transport and metabolism                      4 6 2 1 1 4 2 0

Q                   Secondary metabolites biosynthesis, transport and catabolism 19 1 6 0 1 7 2 0 15 0 7 0

R                   General function prediction only                            6 9 3 2 3 17 1 4 2 7 3 2

S                   Function unknown                                            6 0 0 3 1 11 3 4 2 1 3 0

T                   Signal transduction mechanisms                              2 5 3 4 3 1 0 3

U                   Intracellular trafficking, secretion, and vesicular transport 2 0 2 0

V                   Defense mechanisms                                          2 3 2 0

TOTAL 88 76 18 33 38 122 28 56 43 56 29 27

COG class Description

Xylose vs 

cellobiose proteins

Xylose vs 

cellobiose genes

α-cellulose vs 

cellobiose genes

α-cellulose vs 

cellobiose proteins

Xylan vs cellobiose 

genes

Xylan vs cellobiose 

proteins

 

Up- and down-regulation enumeration uses Z-scores with magnitudes ≥ 1.65, approximately representing outermost 10% of the 

population. 
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4.4.3 Cellulose and hemicellulose degradation and transport 

4.4.3.1 Transcription of cellulosomal components 

Analysis of the C. termitidis CT1112 genome has so far revealed the presence of 33 

cellulosomal genes, which were all transcriptionally identified in the current study (Table 4.2). 

The cellulosomal enzymes detected have diverse putative endo- and exo-glucanase activities 

against a variety of biomass components and includes cellulases, xylanases, mannase, 

polysaccharide lyases, and esterases. Similar to our previous study (Munir et al. 2015), the 

overall Znet-score values suggest that the cellulosome associated genes (R1) and proteins (P1) 

were significantly up-regulated on α–cellulose vs cellobiose as compared to other substrates. 

This indicates that, as with other cellulosome forming cellulolytic bacteria such as C. 

thermocellum, the cellulosome system of C. termitidis is crucial for substrate hydrolysis, and 

perhaps the main contributor in the degradation of cellulosic substrates by C. termitidis.  

Furthermore, the major cellulosomal cellulases - exoglucanases Cter_0524 (GH 48) and 

Cter_0521 (GH 9) - were the two most abundantly expressed cellulosomal transcripts identified 

on α–cellulose. GH48 (CelS) and GH9 (CbhA) have been similarly reported to be among the 

highly expressed genes in C. thermocellum cultured on insoluble cellulosic substrates (Wilson et 

al., 2013; Wei et al., 2014). Endoglucanases Cter_0519 (GH5), Cter_0523 (GH8), Cter_4545 

(GH9), and Cter_0522 (GH9) were also among the top 10 highly abundant carbohydrate active 

enzyme genes on α–cellulose (RNA expression values >11). All the non-catalytic cohesin 

domain containing cellulosomal genes (Cter_0001, Cter_3731, Cter_0520, Cter_0525, 

Cter_0526) were similarly up-regulated on α–cellulose and were among the highly expressed 

genes on a transcriptional level (Supplementary Table S12).  
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Of the 33 cellulosomal genes, four gene clusters were identified which include: (i) an 

approximately 20 kbp cellulosomal cluster (Cter_0514-Cter_0526), which is similar to the gene 

cluster that encodes major cellulosome components in other anaerobic, mesophilic, cellulosome-

forming cellulolytic Clostridia, such as C. cellulovorans and the cip-cel cluster in C. 

cellulolyticum (Bagners et al. 1992; Tamaru et al. 2011; Bayer et al. 2008); (ii) a second cluster 

of 4 genes (Cter_1800-Cter_1803), which mainly encodes putative hemicellulases (xylanases); 

(iii) a 3 gene cluster (Cter_2829-Cter_2831) with putative cellulase activities; and (iv) a 2 gene 

cluster (Cter_4544-Cter_4545) similar to Ccel_0752-Ccel_0753 cluster in C. cellulolyticum (Xu 

et al. 2013), with putative activities against mannans and cellulose.  Interestingly, the 

hemicellulase cluster Cter_1800-1803, as with some other xylanases indicated below, was up-

regulated on α–cellulose compared to xylan. This may putatively indicate the ability of C. 

termitidis to target both five and six carbon sugars simultaneously. The transcriptome Z-scores of 

xylose versus cellobiose (R0) were reversed in the proteome (P0), which showed up-regulation 

on xylose relative to cellobiose. However, the genes on these two substrates were expressed at 

low levels and therefore do not indicate any significant changes. 
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Table 4.2  Znet-scores (normalized differential values) of putative cellulosomal genes identified in C. termitidis cultured under 

various substrate conditions and compared to cellobiose. 

Locus Domain Locus-description R0 P0 R1 P1 R2 P2 

Cter_0001 CBM3-COH  Carbohydrate binding domain /Cellulose binding  -2.51 1.25 4.27 4.08 -1.25 -1.25 

Cter_0267 GH30-DOC1  Glycoside hydrolase family 30  0.02 0.47 1.59 2.46 0.01 -1.17 

Cter_0272 GH9-CBM3-DOC1  Glycoside hydrolase family 9  0.01 -0.02 1.59 1.85 -0.06 -1 

Cter_0514 DOC1  Dockerin type I cellulosome protein  -0.16 0.98 2.82 3.34 -0.08 -0.28 

Cter_0515 GH5_1-DOC1  Endoglucanase  0.01 0.67 2.63 3.41 -0.12 -0.85 

Cter_0516 GH9-DOC1  Glycoside hydrolase family 9  0.09 1.02 3.84 3.48 -0.22 -0.21 

Cter_0517 DOC1-GH5_17  Glycoside hydrolase family 5 0 0.22 3.24 2.97 -0.28 -2.49 

Cter_0518 GH9-CBM3-DOC1  Glycoside hydrolase family 9   -0.86 1.02 3.4 3.61 -1.12 -0.69 

Cter_0519 GH5_1-DOC1  Glycoside hydrolase family 5 -0.71 1.13 4.37 3.51 -0.89 -0.9 

Cter_0520 Cohesin 1 Cohesin domain-containing protein  -2.26 0.67 3.62 1.92 -1.31 0.76 

Cter_0521 CBM4-GH9-DOC1  Glycoside hydrolase family 9   -0.97 1.8 4.33 4.11 -1.37 -0.81 

Cter_0522 GH9-CBM3-DOC1  Glycoside hydrolase family 9   -1.78 1.31 3.54 3.77 -1.57 -0.94 

Cter_0523 GH8-DOC1  Glycoside hydrolase family 8 -1.74 0.71 3.29 3.4 -1.56 -0.33 

Cter_0524 GH48-DOC1  Glycoside hydrolase family 48 -2.15 1.47 4.68 3.83 -1.51 -0.84 

Cter_0525 CBMX2-COH Cellulosome anchoring protein cohesin subunit  -2.05 0.71 4.94 3.76 -0.9 -0.6 

Cter_0526 CBMX2-COH Cellulose binding domain-containing protein  -2.79 1 5.11 4.4 -2.39 -1.75 

Cter_1800 GH5_4-DOC1  Glycoside hydrolase family 5 -0.02 0.29 1.18 3.22 0 0.16 

Cter_1801 PL11_1-DOC1  Polysaccharide Lyase Family 11 0.05 0.36 2.02 1.41 -0.14 0.28 

Cter_1802 GH74-DOC1  Glycoside hydrolase family 74 0.12 0.35 2.29 2.03 -0.15 -0.96 

Cter_1803 GH10-CBM6-DOC1  Glycoside hydrolase family 10 -0.03 1.13 0.78 2.65 -0.38 0.01 

Cter_2829 GH8-DOC1  Glycoside hydrolase family 8 -0.84 0.87 1.86 2.64 -0.51 -0.16 

Cter_2830 GH9-CBM3-CBM3-DOC1  Glycoside hydrolase family 9 -0.34 1.22 2.5 2.69 -0.25 -0.7 

Cter_2831 GH9-CBM3-DOC1  Glycoside hydrolase family 9 -0.06 0.44 2.23 2.72 -0.2 -0.24 

Cter_2867 GH30_8-DOC1  Glycoside hydrolase family 30 -1.49 0.27 2.01 1.88 -0.39 0.19 

Cter_3705 GH11-DOC1  Glycoside hydrolase family 11 -0.21 1.13 3.8 2.55 -0.17 -0.14 

Cter_3731 COH-CBMX2-COH Carbohydrate binding domain X2/Cohesin 

domain  

-1.47 0.87 4.54 3.46 -1.33 -1.33 
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Cter_4538 GH44-DOC1-CBM44  Glycoside hydrolase family 44 -1.2 0.65 1.62 3.19 -0.19 -0.85 

Cter_4544 CBM35-GH26-DOC1  Glycoside hydrolase family 26 -0.98 1.73 2.46 3.45 -0.32 -1.38 

Cter_4545 GH9-CBM3-DOC1  Glycoside hydrolase family 9 -0.41 0.62 3.03 2.97 -0.59 -0.79 

Cter_4883 DUF-DOC1  Dockerin type I cellulosome protein  -0.3 2.02 0.78 1.64 -0.43 -1.35 

Cter_5018 DOC1-CE4  Carbohydrate Esterase Family 4  -0.71 1.09 2.38 3.12 -0.04 -1.95 

Cter_5022 DOC1-CE15  Carbohydrate Esterase Family 15 -0.05 0.24 0.07 1.67 0.28 -0.01 

Cter_5184 cot H-DOC1 Dockerin type I cellulosome protein  0.09 0.13 1.77 2.09 0.47 -0.61 

 

Transcriptomic Z-scores Rnet are represented as: (i) R0 = xylose grown cells – cellobiose grown cells; (ii) R1 = α-cellulose grown 

cells – cellobiose grown cells; and (iii) R2 = xylan grown cells – cellobiose grown cells. Proteomic Z-scores Pnet are represented as: 

(i) P0 = xylose grown cells – cellobiose grown cells; (ii) P1 = α-cellulose grown cells – cellobiose grown cells; and (iii) P2 = xylan 

grown cells – cellobiose grown cells.  Z-scores of ≥1.65, up regulated in the corresponding substrate with respect to cellobiose are 

highlighted in red. Z-scores of ≤ -1.65, down regulated in the corresponding substrate with respect to cellobiose are highlighted in 

green.  Therefore, a negative value represents higher expression on cellobiose, while a positive value represents higher expression in 

any of the other corresponding substrate. DUF= domain of unknown function. Cot H = spore coat protein H. DOC1= dockerin type 1. 

COH = cohesion domain
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4.4.3.2 Transcription of non-cellulosomal Carbohydrate active enzymes. 

In addition to cellulosomal enzymes, the C. termitidis genome is known to harbor a 

variety of non-cellulosomal CAZymes, potentially required for hydrolysis of a variety of 

carbohydrates. Table 4.3 shows transcriptional Z-scores of non-cellulosomal CAZymes 

identified in the outer most 10% of the population (standard deviation ≥ 1.65) with different 

substrates compared to cellobiose.  

The transcription of some non-cellulosomal CAZyme genes in C. termitidis appeared to 

be substrate-dependent. GH94 (cellobiose phosphorylases Cter_4494, Cter_2734, Cter_2546), 

GH31 (-glucosidase Cter_3201), and multi-domain GH18 (Chitinase Cter_2813) were the top 5 

highly expressed enzymes in cultures containing cellobiose and were relatively up-regulated on 

this substrate compared to other substrates. Cellobiose phosphorylases were also found to be the 

most abundantly expressed CAZymes in cellobiose cultures of C. thermocellum (Rydzak et al. 

2012) and may be involved in intracellular phosphorylytic cleavage of cellobiose and other 

cellodextrins.  

Other non-cellulosomal CAZymes up-regulated in cultures containing other substrates 

compared to cellobiose included polysaccharide lyases, glucosidase, glucoronidase, 

endoglucanases, arabinofuranosidases, and xylanases. Multi-domain endo-glucanase GH5 

(Cter_4441) was found in high abundance and up–regulated on α-cellulose, as were a number of 

xylanases including the xylanase cluster Cter_2434-Cter_2436, which was also highly expressed 

and up-regulated on xylan. Genome analysis showed that a gene (Cter_2433) adjacent to the 

cluster (Supplementay Table S12) encodes for a putative fibronectin type-3 homology domain 

(Fn3). Fn3 proteins have been implicated in modifying cellulose surface and aid in its hydrolysis 

by C. thermocellum (Kataeva et al. 2002). Because of a similar pattern of expression, it is 
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possible that Cter_2433 forms an operon with the xylanase cluster (Cter_2434-Cter_2436) and is 

thus expressed highly on both polysaccharides. Nevertheless, expression of hemicellulases under 

both cellulose and hemicellulose conditions suggests a probable means by which C. termitidis 

prepares for mining energy from natural insoluble substrates.   
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Table 4.3  Znet-scores (normalized differential values) of highly expressed non-cellulosomal CAZymes identified in C. termitidis 

cultured under various substrates with respect to cellobiose.    

Locus Domains Gene product description R0 P0 R1 P1 R2 P2

Cter_0384 GH3 β glucosidase 1.21 0.16 1.97 0.34 4.66 2.45

Cter_0385 GH67 Glycoside hydrolase family 67 (glucoronidase) 0.59 0.2 1.71 0.59 4.83 3.38

Cter_1318 PL8 polysaccharide lyase family protein 8 0.07 3.09 -0.16 1.19 2.1 1.5

Cter_1572 GH4 Glycoside hydrolase family 4 (galactosidase) -0.06 0.44 -0.14 0.29 4.26 2.48

Cter_1573 GH10 Beta-1,4-xylanase -0.03 0.27 -0.23 -1.76 3.39 -0.16

Cter_1679 GH38 Alpha-mannosidase 2.17 -0.01 0.36

Cter_1784 GH127 arabinofuranosidase 0.96 3.15 0.01 1.04 -0.16 1.18

Cter_1788 GH51 Alpha-L-arabinofuranosidase 0.62 0.3 1.89

Cter_2434 CBM22-CBM22-CBM22-GH10-CBM9-SLH Beta-1,4-xylanase -0.2 1.35 3.68 2.92 7.1 3.88

Cter_2435 GH8 Endoglucanase 0.46 0.45 4.76 0.96 8.33 2.54

Cter_2436 GH10 Beta-1,4-xylanase 0.05 0.02 2.97 0.56 6.91 3.93

Cter_2546 GH94 Cellobiose phosphorylase -4.73 -0.96 -0.43 0.3 -3.14 -1.29

Cter_2734 GH94 Cellobiose phosphorylase -5.98 -1.93 -0.48 -1.01 -5.5 -2.83

Cter_2813 GH18-GH18-GH18-CBM12-CBM12 Chitinase -1.99 -0.75 -2.86 -0.27 -1.87 -0.56

Cter_3201 GH31 Glycoside hydrolase family 31 -2.5 -1.44 -0.69 -0.09 -1.94 -1.1

Cter_3336 GH94 Cellobiose phosphorylase 2.04 1.44 1.44

Cter_3338 GH30 Glycoside hydrolase family 30 0.16 2.16 0.77 1.04 -0.42 0.94

Cter_3488 CBM3 Carbohydrate binding module 0.82 0 3.07 0.04 -0.43 -4.06

Cter_3560 GH3 β glucosidase 2.2 2.44 2.14 2.02 3.59 2.33

Cter_3660 GH31 Xyloside xylohydrolase 2.56 1.75 0.8 0.93 0.83 0.57

Cter_3694 GH3 β glucosidase 1.93 2.42 0.84 1.2 4.47 3.02

Cter_3958 CE14 Carbohydrate esterase -1.29 0.38 -0.21 0.28 -2.25 0.83

Cter_3966 GH4 Glycoside hydrolase family 4 (galactosidase) -1.48 -0.18 -2.34

Cter_4060 GH43-CBM35-CBM35-CBM35-CBM35-CBM13-SLH-SLH-SLH Xylosidase 0.73 2.27 -0.24 1.66 0.02 1.64

Cter_4102 GH130 putative glycosylase 1.63 3.51 3.46 0.97 0.83 -0.56

Cter_4104 GH131 putative glycosylase 2.11 1.91 1.18

Cter_4105 CE7 Carbohydrate esterase 0.57 1.69 0.85

Cter_4215 GH3 β glucosidase 1.79 0.85 2.56 1.89 8.04 4.26

Cter_4441 GH5_2-CBM17-CBM28-SLH-SLH-SLH Endoglucanase -6 -0.49 0.23 2.2 -5.75 -1.82

Cter_4494 GH94 Cellobiose phosphorylase -7.85 -2.15 -1.31 -0.63 -7.2 -4.23

Cter_4579 GH11 Endo-1,4-beta-xylanase 0.5 1.65 1.09

Cter_4680 GH11 Endo-1,4-beta-xylanase 0.5 0.27 2.86 1.97 0.2 0.26

Cter_5368 GH38 Alpha-mannosidase 1.88 2.95 0.17 -0.26 -0.12 -0.02
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Values shown are limited to Z-scores with magnitudes outside ≥ 1.65 (representing outermost 10 % of the population) under any one 

substrate condition. Transcriptomic Z-scores Rnet are represented as: (i) R0 = xylose grown cells – cellobiose grown cells; (ii) R1 = α-

cellulose grown cells – cellobiose grown cells; and (iii) R2 = xylan grown cells – cellobiose grown cells. Proteomic Z-scores Pnet are 

represented as: (i) P0 = xylose grown cells – cellobiose grown cells; (ii) P1 = α-cellulose grown cells – cellobiose grown cells; and 

(iii) P2 = xylan grown cells – cellobiose grown cells. Z-scores of ≥1.65, up regulated in the corresponding substrate with respect to 

cellobiose are highlighted in red. Z-scores of ≤ -1.65, down regulated in the corresponding substrate with respect to cellobiose are 

highlighted in green. Therefore, a negative value represents higher expression on cellobiose, while a positive value represents higher 

expression in any of the other corresponding substrate 
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4.4.3.3 Regulation of carbohydrate active enzymes 

Catabolite control protein A (CcpA) has been associated with carbon catabolite 

repression (CCR) in Bacillus subtilis (Fujita 2009). CcpA are LacI family of transcriptional 

regulators which, after activation by phosphorylated histidine containing protein (HPr), bind to 

specific DNA sequences known as catabolite responsive elements (cre sequences) to initiate 

transcriptional regulation (Warner and Lolkema, 2003). Analysis of the C. termitidis genome 

identified genes encoding a CcpA-dependent CCR. Four genes encoding putative histidine 

containing Hpr family of proteins Cter_1040, Cter_3631, Cter_4771 and Cter_4826 were 

identified. In addition, BLAST analyses revealed the presence of 15 genes (assigned to COG 

1609) in C. termitidis that were homologous to the CcpA LacI transcriptional regulators of 

B.subtilis (strain 27E1) (Suppelementary Table S13).   

In order to identify the CAZyme genes that may possibly be regulated by a CCR 

mechanism, 135 sites homologous to a B. subtilis cre consensus sequence were identified. 

However, only 6 of these putative cre sequences were found adjacent to or overlapping with 

genes encoding non-cellulosomal CAZymes (Suppelementary Table S14). A cre sequence has 

been implicated in the regulation of the cellulosomal cipC cluster in C. cellulolyticum (Abdou et 

al. 2008). We were unable to identify any cre sequences adjacent to any genes encoding 

cellulosomal components. In the case of C. termitidis cellulosome cluster, this may be due to the 

fact that the DNA sequence up-stream is truncated and we may have missed a possible cre 

sequence, or it may suggest that cellulosomal genes might be regulated by a CcpA-independent 

mechanism. 

Two-component regulatory systems (TCSs) have been implicated for their role in signal 

transduction in many prokaryotes. TCSs consist of a membrane bound histidine kinase that 

senses a specific environmental stimulus, and a response regulator that mediates a cellular 
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response to changes in environmental conditions through expression or repression of target genes 

(Stock et al. 2000). Previous transcription studies on C. cellulolyticum have shown that TCS 

transcriptionally regulate several cellulosomal and non-cellulosomal CAZymes (Xu et al. 2013; 

Celik et al. 2013). Analysis of the C. termitidis genome revealed the presence of more than a 

hundred putative TCS regulatory genes.  Further analysis showed that many of these might be 

involved with the regulation of various CAZymes. This hypothesis is supported by the 

observation that a number of TCSs genes are surrounded by genes encoding both ABC sugar 

transporters and CAZyme genes, and that these loci exhibit similar patterns of mRNA expression 

(high or low) under the carbon sources tested, putatively suggesting co-regulation by TCSs 

(Supplementary Table S12).  

The majority of these CAZyme genes encode non-cellulosomal enzymes and include 

cellulase (GH5: Cter_2349), glucosidase (GH3: Cter_3560), xylanases (GH8: Cter_1787; GH10: 

Cter_1573, 2434, 2435, 2436), xylosidases (GH35: Cter_0468; GH43: Cter_1576, 2817, 3581, 

4113, 4114; GH39: Cter_1786; GH31: Cter_3663, 5208), galactosidases (GH35: Cter_0468, 

GH2: Cter_4240, GH4: 1572, 1402), mannanases (GH76: Cter_5351; GH 38: 2757) 

arabinofuranosidases (GH51: Cter_3501, 1788), and cellobiose phosporylase (GH94: 

Cter_3440). In addition to non-cellulosomal enzymes, 5 genes that encode cellulosomal 

components were identified, which may putatively be regulated by TCSs. These include the 

hemicellulase cluster Cter_1800-1803 and the cohesion domain encoding Cter_3731. However 

no ABC transporters were found associated with these genes, and transport of hydrolysis 

products may rely on the use of independently transcribed ABC transporters.  

4.4.3.4 Transcription of Cellodextrin transport related genes 

The C. termitidis genome encodes for over 700 ABC type transporter components, which 

are putatively involved in the transport of oligosaccharides, amino acids, and metal ions. In this 
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study, 8 gene clusters encoding ABC-type systems for transport of sugars were expressed at high 

levels (among the top 10% expressed under any one condition tested) (Supplementary Table 

S15). Gene cluster Cter_4496 - 4498, the products of which were also identified previously 

(Munir et al. 2015), was highly up-regulated on cellobiose compared to both xylan and xylose 

(the 5 carbon sugars substrates). Two genes, Cter_4494 (cellobiose phosphorylase) and 

Cter_4495 (a transcriptional regulator) adjacent to the cluster were also up-regulated on 

cellobiose. This may suggest the involvement of the gene cluster for import and subsequent 

phosphorolytic cleavage of oligosaccharides and cellobiose.   

Three ABC transport gene clusters (Cter_2437 – 2439; Cter_3554 – 3557; and Cter_0390 

– 0391), which were also detected in our previous proteomic study, were highly expressed and 

up regulated in cultures containing xylan and α–cellulose, and were up-regulated in cultures 

containing xylan, α–cellulose, and xylose compared to cellobiose. This may suggest that C. 

termitidis has the probable ability for uptake and utilization of cellodextrins that are longer than 

cellobiose. Cter_2437 - 2439 lies next to the xylanase cluster Cter_2434 - 2436 and may be 

responsible for uptake of xylan hydrolysis products. Its expression on α–cellulose correlates with 

the high expression of the xylanase cluster on the same as indicated above.  

Transcripts for four highly expressed ABC transport gene clusters Cter_5427-5429, 

Cter_0261- 0262, Cter_1947-1949 and Cter_0914 - 0916 were found to be more responsive 

towards xylose cultures.  The gene products of Cter_1947 and Cter_1948 however were not 

detected and thus may not be involved in sugar transport. Even though Cter_0914 - 0916 encodes 

a putative ABC type system for xylose transport, it was also expressed highly on α–cellulose 

compared to cellobiose.  
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4.4.4 Ability to utilize 5 and 6 carbon sugars simultaneously. 

The expression of genes and gene products for hemicellulases and ABC type systems for 

xylose transport, in cultures containing α–cellulose suggests that in the natural environment, C. 

termitidis is possibly primed and ready to attack and utilize both cellulose and hemicellulose 

components concomitantly. This led us to evaluate the substrate utilization profiles of C. 

termitidis cultured on xylose and cellobiose, as single (xylose or cellobiose) compared with 

mixed (xylose plus cellobiose) carbon sources. The growth curves of C. termitidis under these 

culture conditions are shown in Figure 4.2A. Cultures showed no lag phase in growth on all 

substrates. Xylose and cellobiose cultures grew to an average maximum OD600 of 0.50 and 0.66 

respectively, while cultures on cellobiose plus xylose grew to a maximum OD600 of 0.90.  

Generation times closely corresponded to each condition, with xylose, cellobiose, and cellobiose 

plus xylose having an average generation times of 4.8 ± 0.2 h/generation, 4.5 ± 0.25 

h/generation, and 4.1 ± 0.33 h/generation, respectively.  

As previously seen with 2 g/L substrate concentrations, the major fermentation end-

products synthesized during growth included H2, CO2, lactate, formate, acetate, and ethanol, and 

are shown in (Supplementary Figure S8). Since 1 g/L cellobiose plus 1 g/L xylose amounts to 2 

g/L substrate, the end-product concentrations corresponded to concentrations seen previously on 

2 g/L individual cultures of xylose and cellobiose. As expected, lower end-product 

concentrations were observed in cultures containing single substrates. Average carbon recovery 

for cultures on cultures containing xylose, cellobiose, and xylose plus cellobiose were found to 

be 0.80, 0.98, and 0.80, respectively, and the corresponding OR balances were 0.81, 0.80, and 

0.92, respectively. This suggests that the major end-products were accounted for under each 

condition. Substrate utilization profiles of C. termitidis grown on each of the single substrate 

(Figure 4.2B) and mixed substrates (Figure 4.2C) indicate that both xylose and cellobiose were 
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consumed steadily and simultaneously by C. termitidis when cultured in mixed substrates. This 

is supported by the fact that the enzymes involved in the xylose degradation pathway (discussed 

below) are not inhibited, as indicated by their transcriptomic and proteomic profiles, when the 

cells are growing on hexoses alone (both cellobiose and α–cellulose). Similarly, growth on 

xylose and xylan does not inhibit the glycolytic pathways.  
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Figure 4.2  Growth curve (A) and substrate consumption of C. termitidis cultured on 1g/L each 

cellobiose and xylose (B), and 1g/L cellobiose plus 1g/L xylose (C). Reported values are 

averages of three biological replicates. 
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4.4.5 Central metabolism and end product synthesis genes. 

4.4.5.1 Glycolysis 

Analysis of the C. termitidis genome suggests that six carbon sugars are converted to 

phosphoenolpyruvate (PEP) via the Embden-Meyerhof-Parnas (EMP) pathway (shown in Figure 

4.3). All the glycolytic genes and gene products were detected in high abundance under all the 

substrate conditions tested, with a few exceptions (Supplementary Table S16). Overall, the Z-

scores (Rnet and Pnet) suggest slight up- regulation of these on cellobiose compared to other 

substrates, a significant difference was however not observed between substrates. Of the seven 

genes encoding glucokinases, the gene products of only four genes (Cter_3950, Cter_3170, 

Cter_3205, Cter_1642) were detected with Cter_3950 being the most abundant. The C. termitidis 

genome encodes three 6-phosphofructokinases for the inter-conversion of fructose-1-phosphate 

to fructose-1,6-bisphosphate (EC:2.7.1.11), of which Cter_4719 is putatively pyrophosphate-

dependent (PPi) and, Cter_0067 and Cter_5379 are ATP-dependent. Cter_4719 was the most 

abundant with RNA transcript expression values ranging from 12.5-14.25 and the proteomic TIC 

values of 20.7-21.2, while the transcription of Cter_5379 was near the minimum detection level 

(RNA expression=0-1.5) (Supplementary Table S16). Cter_0067 was also expressed abundantly, 

however in lower quantities than Cter_4719. This may suggest that inter conversion of fructose-

1-phosphate to fructose-1,6-bisphosphate can occur by both PPi- and ATP-dependent 

phosphofrutokinases. Cter_1845, which encodes for triosephosphate isomerase, was detected at 

very low levels in the transcriptome. However, Cter_4786, which is annotated as a bifunctional 

triosephosphate isomerse/phosphoglycerate kinase, was expressed abundantly under all 

conditions in the transcriptome and the proteome and putatively functions both as a 

triosephosphate isomerase and phosphoglyceratekinase. A similar bifunctional triosephosphate 

isomerse/phosphoglycerate kinase has been identified and characterized in the hyperthermophilic 
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bacterium Thermotoga maritima (Schurig et al. 1995), where it was found that the two enzymes 

are covalently linked to form a bifunctional fusion protein with dual enzyme activities. Of the 

two genes encoding fructose-1,6-P aldolases, Cter_4718 was among the top 10% and was 

detected at higher levels than Cter_1264, while glyceraldehyde-3-P dehydrogenase (Cter_4809) 

was  the most highly expressed of all the genes involved in carbon metabolism with both the 

genes and its products detected in the top 10 of all genes expressed. Studies in C. thermocellum 

by Rydzak et al. (2012) similarly identified glyceraldehyde-3-P dehydrogenase as the most 

abundantly expressed protein during growth on cellobiose. Of the multiple copies of 

phosphoglycerate mutase present in the genome of C. termitidis, Cter_4785 showed a much 

higher level of expression than its counterparts and may be putatively responsible for the 

conversion to 2-phosphoglycerate.  
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Figure 4.3  Normalized differential values (Znet-scores) of both the transcriptome (Rnet) and the 

proteome (Pnet) of glycolysis reactions in C. termitidis. TPI, triosephosphate isomerase; PGK, 

phosphoglycerate kinase; ND, not detected; XS, xylose; CB, cellobiose; AC, α-cellulose; XN, 

xylan. Locus tags in red indicate high abundance in comparison to paralogs. 
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4.4.5.2 Pentose phosphate pathway 

The pentose phosphate pathway is important for both the metabolism of 5 carbon sugars, 

such as xylose, as well as the production of key intermediates namely ribose-5-phosphate and 

erythrose-4-phosphate, which are required for the synthesis of nucleotides and aromatic amino 

acids, respectively (Sprenger 1995; Zeikus 1980). Analysis of the genome, transcriptome, and the 

proteome of C. termitidis revealed the presence of all the enzymes needed for the utilization of 

xylose via the non-oxidative branch of the pentose phosphate pathway, except for a transaldolase 

enzyme (Figure 4.4), which is apparently missing.   Xylose isomerase, which coverts xylose to 

xylulose, was abundantly expressed under all conditions tested and was detected in the top 10% 

of genes and gene products on xylose, xylan, and α-cellulose, with the highest expression 

observed on xylose. Similarly, xylulose kinase was highly up regulated on xylose and xylan and 

was also among the top 10% of the genes identified on xylose. In contrast, the genome of C. 

thermocellum does not appear to encode either a xylose isomerase or a xylulokinase, which is 

consistent with the inability of C. thermocellum to grow on pentose sugars.  

Genome analysis showed that C. termitidis encodes seven putative transketolases. Of 

these, Cter_2745 was highly expressed both in the transcriptome and the proteome under all 

substrate conditions tested and was up regulated on xylose and xylan with respect to cellobiose. 

Transcripts of Cter_1675-Cter_1676, Cter_3783, Cter_4233-Cter_4234, Cter_4373, Cter_4973-

Cter_4974 and Cter_5396-Cter_5397 were also detected albeit at very low levels, suggesting 

Cter_2745 to be responsible for the inter-conversion to glyceraldehyde-3-phosphate and 

sedoheptulose -7-phosphate.  

Transalodolase, which is known for the degradation of sedoheptulose-7-phosphate to 

fructose-6-phosphate, for incorporation in to the EMP pathway (Zeikus et al. 1980), has not been 

annotated in C. termitidis.  Studies in other organisms have implicated an alternative pathway for 
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sedoheptulose-7-phosphate degradation that does not require a transaldolase (Fletchner et al. 

1999; Mertens et al. 1993; Susskind et al. 1982). In this case, transaldolase would be replaced by 

a phosphofructokinase, an aldolase, and a transketolase, where PPi/ATP-dependent 

phoshofructokinase catalyzes the conversion of sedoheptulose-7-phosphate into sedoheptulose-

1,7-biphosphate,  bifunctional fructose-1,6-bisphosphate aldolase further converts sedoheptulose-

1,7-biphosphate to erythrose-4-phosphate and dihydroxyacetone phosphate and, finally, 

transketolase converts  erythrose-4-phosphate into glyceraldehyde-3-phosphate and fructose-6-

phosphate, which are eventually directed to the EMP (Susskind et al. 1982). It is possible that in 

the absence of a transaldolase, C. termitidis channels its intermediates in the pentose phosphate 

pathway to EMP pathway via this alternative mechanism as indicated in Figure 4.4. 
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Figure 4.4  Normalized differential values (Znet-scores) of both the transcriptome (Rnet) and the 

proteome (Pnet) of enzymes involved in the non-oxidative pentose phosphate pathway in C. 

termitidis. In the absence of genes encoding transaldolase, we propose an alternative route for the 

production of important intermediates using ATP-dependent 6-phosphofructokinase and 

fructose-1,6-bisphosphate aldolase. Values in red indicate Znet scores of ≥1.65 (outermost 10%), 

significantly up regulated in the corresponding substrate with respect to cellobiose. Values in 

black are the innermost 90%. Locus tags in red indicate high abundance in comparison to 

paralogs. ND, not detected; XS, xylose; CB, cellobiose; AC, α-cellulose; XN, xylan. 
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4.4.5.3 Formation of Pyruvate from phosphoenol pyruvate 

Phosphoenol pyruvate (PEP) can be converted to pyruvate, an important control point of 

the EMP pathway in bacteria, by a number of enzymes through several different routes. PEP is 

directly converted into pyruvate via an ATP-dependent pyruvate kinase (PPK), reversibly 

converted via an AMP-dependent pyruvate phosphate dikinase (PPDK) or via an AMP dependent 

pyruvate water dikinase (phosphoenol pyruvate synthase) (Carere et al. 2012; Sparling et al. 

2012; Tjaden et al. 2006; Lengler et al. 1999). In addition, studies in C. thermocellum and C. 

cellulolyticum have implicated the malate pathway for conversion of PEP to pyruvate, which 

utilizes either phosphoenolpyruvate carboxykinase (PEPCK), malate dehydrogenase, and malic 

enzyme or PEPCK and oxaloacetate decarboxylase (OAADC) for the conversion to pyruvate 

(Rydzak et al. 2012; Li et al. 2012; Raman et al. 2011). In C. termitidis, genes for enzymes 

catalyzing all the different routes for pyruvate synthesis from PEP were identified in the current 

study (presented in Figure 4.5; Supplementary Table S16) and were expressed at high levels, 

except for pyruvate water dikinase Cter_5054, which was expressed at much lower levels and its 

gene products were not detected under any substrate conditions. The gene products of enzymes 

in the malate pathway were down regulated on α-cellulose compared to cellobiose and may 

indicate conversion preference via the alternate route using PPDK, the proteome of which 

(Cter_0809) showed increased expression on α-cellulose. However, the RNA expression values 

of PPDK were lower than PPK (Cter_0649) values under all conditions. In C. thermocellum, 

PPDK was similarly found to be up regulated on α-cellulose at stationary phase compared to 

cellobiose (Raman et al. 2011). PPDK plays an anabolic role in gluconeogenesis in some 

organisms (Rodriguez and Hamilton 2014; Benziman and Eizen 1971), and functions in the 

catabolic direction in others (Reeves et al. 1968; Tjaden et al. 2006). As has been shown in 
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Thermoproteus tenax (Tjaden et al. 2006), the simultaneous presence and expression of PPDK 

with PPK in C. termitidis may represent allosteric differential regulation, thereby providing a 

way in controlling the inter-conversion of phosphoenolpyruvate and pyruvate and allowing 

adaptation to different conditions. 
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Figure 4.5  Normalized differential values (Znet-scores) of both the transcriptome (Rnet) and the proteome (Pnet) of reactions involved 

in the conversion of phosphoenol pyruvate to pyruvate in C. termitidis. Values in red indicate Znet scores of ≥1.65 (outermost 10%), up 

regulated in the corresponding substrate with respect to cellobiose and values in green indicate Z-scores of ≤ -1.65 (outermost 10%), 

down regulated in the corresponding substrate with respect to cellobiose. Values in black are the innermost 90%. ND, not detected; XS, 

xylose; CB, cellobiose; AC, α-cellulose; XN, xylan. 
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4.4.5.4 Pyruvate catabolism and End-product synthesis 

 Growth of C. termitidis on both 5 and 6 carbon sugars results in the production of H2, 

CO2, ethanol, acetate, formate, and lactate as the major fermentation end-products from pyruvate 

catabolism. In C. termitidis, lactate formation from pyruvate may be catalyzed by the lactate 

dehydrogenase (LDH) enzyme encoded by Cter_2504 (Figure 4.6). While higher amounts of 

lactate was observed at a lower pH, after late exponential phase, in cultures containing soluble 

substrates cellobiose and xylose (Supplementary Figure S5), LDH transcripts were found in 

abundance under all substrate conditions (Supplementary Table S16). In terms of relative 

expression, significant differences were not observed between the substrates tested. High lactate 

synthesis has been linked to high intracellular concentrations of fructose-1,6-bisphosphate in 

Thermoanaerobacter brockii (BenBassat et al. 1981), consistent with studies that have shown 

that LDH enzymes of C. thermocellum, Caldicellulosiruptor saccharolyticus, 

Thermoanaeerobacter ethanolicus and Clostridium thermohydrosulfuricans, to be allosterically 

activated by fructose-1,6-bisphosphate, pyrophosphate and ATP (Yang et al. 2012; Wilquist and 

van Neil 2010; Zhou and Shao 2010; Lovitt et al. 1988; Ozkan et al. 2004). If this is also true in 

C. termitidis, then higher concentrations of intracellular fructose-1,6-bisphosphate on soluble 

substrates (xylose and cellobiose) may be a reason for higher lactate observed. Furthermore, 

studies in Thermoanaerobacter wiegelii Rt8.B1 (Cook, 2000), reported that a decline in 

intracellular pH during growth resulted in an increase in LDH activity. While the intracellular pH 

of C. termitidis is unknown, a sharp decline in pH under cellobiose and xylose may have 

additionally contributed to the higher lactate observed.    

As in C. thermocellum, C. termitidis may further convert pyruvate into acetyl coenzyme 

A, a major branch-point for ethanol and acetate production, via pyruvate ferredoxin 

oxidoreductase (POR) yielding CO2 and reduced ferredoxin, or via pyruvate formate lyase (PFL) 
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yielding formate. According to the annotation, the C. termitidis genome encodes one single 

subunit (Cter_3589), and one multi-subunit POR, which consists of 4 subunits β, α, δ, and γ, 

encoded by the gene cluster Cter_1022-Cter_1025. While both the gene and the gene products of 

the 2 PORs identified were expressed abundantly under all conditions tested, Cter-1022-

Cter_1025 was down-regulated on α-cellulose with respect to cellobiose (Figure 4.6; 

Supplementary Table S16). In addition, two 2 subunit indole pyruvate ferredoxin 

oxidoreductases (Cter_2214-Cter_2215 and Cter_0198-Cter_0199) and a multi-subunit 2-

oxoacid:ferredoxin oxidoreductase (Cter_3761-Cter_3763) were also detected in this study. 

Because these enzymes are very similar in sequence and structure to POR, they are sometimes 

mis-annotated. Indeed, BLAST analysis showed sequence homology for these genes to POR in 

other cellulolytic Clostridia, such that these oxidoreductases may putatively play a role in 

converting pyruvate to acetyl CoA. Nevertheless, the relative abundance of these genes and their 

products relative to the PORs described above would indicate that Cter_1022-Cter_1025 and 

Cter_3589 are the primary PORs. 

Pyruvate formate lyases (PFL), also known as formate acetyl transferases, are the main 

enzymes involved in formate synthesis during conversion of pyruvate to acetyl-CoA in various 

organisms including cellulolytic Clostridia (Rydzak et al. 2012; Raman et al. 2011). The C. 

termitidis genome encodes for seven PFLs (Cter_0038, Cter_1187, Cter_0232, Cter_3262, 

Cter_4126, Cter_4127 and Cter_4726) and two PFL-activating enzymes (AE) (Cter_0037 and 

Cter_2583), all of which were transcribed in the current study (Figure 4.6). PFL-activating 

enzymes are important in turning the PFL “on” by acting on the amino acid residues of the PFL 

catalytic site to form glycyl radical (Becker and Kabsch 2002). In the current study, the 

transcripts of only PFL Cter_0038 and AE Cter_0037 were detected in high abundance under all 

substrate conditions tested (Supplementary Table S16), and were the only genes with expressed 
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gene products. This suggests that Cter_0037 and Cter_0038 are the main enzymes associated 

with formate synthesis from pyruvate in C. termitidis. While the end- product data shows higher 

formate under cellobiose and xylose, no significant differences were observed in relative 

expression profiles for both RNA and proteomes under all conditions (Figure 4.6).   

Acetyl-CoA in C. termitidis may further be catabolized into ethanol, either directly 

through a bifunctional acetaldehyde/alcohol dehydrogenase (AdhE encoded by Cter_5426), or 

indirectly via independent acetaldehyde dehydrogenases (ALDs, encoded by Cter_0993 and 

Cter_2833), and a number of independent iron-containing alcohol dehydrogenases (ADHs 

encoded by Cter_3280, Cter_2586, Cter_1650, and Cter_5477).  AdhE (Cter_5426) and ADHs 

(Cter_3280 and Cter_2586) were observed in high abundance under all conditions tested. While 

the gene and the gene products of Cter_5426 were up-regulated on cellobiose relative to xylan 

and α-cellulose, Cter_2586 was up-regulated on xylose and xylan compared to cellobiose (Figure 

4.6). This putatively suggests that ethanol production via the two enzyme route was preferred 

when C. termitidis was cultured on 5 carbon sugars, and that ethanol production via AdhE was 

preferred when C. termitidis was cultured on hexose sugars.  Cter_2833, Cter_1650 and 

Cter_5477 were expressed at very low levels and the gene products of Cter_2833 and Cter_5477 

were not detected in the proteome, suggesting that these genes do not play a significant role in 

ethanol production from acetyl CoA in C. termitidis under the substrates tested. 

Acetate production from Acetyl-CoA may proceed directly via acetate thiokinase (ATK, 

encoded by Cter_5570 and Cter_1865), or indirectly via the co-localized phosphotransacetylase / 

phosphate acetyl transferase (PTA, encoded by Cter_4519) and acetate kinase (ACK, encoded by 

Cter_4518) with the generation of ATP. While RNA transcripts and the proteome profiles of 

enzymes in both pathways for conversion of acetyl-CoA to acetate were detected under all 
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substrate conditions tested, ACK (Cter_4518) was detected at a much higher level in the 

proteome, suggesting that acetate production via the indirect route was preferred.  
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Figure 4.6  Normalized differential values (Znet-scores) of both the transcriptome (Rnet) and the 

proteome (Pnet) of reactions involved in the conversion of pyruvate to end products in C. 

termitidis. Values in red indicate Znet scores of ≥1.65 (outermost 10%), up regulated in the 

corresponding substrate with respect to cellobiose and values in green indicate Z-scores of ≤ -

1.65 (outermost 10%), down regulated in the corresponding substrate with respect to cellobiose. 

Values in black are the innermost 90%. Locus tags in red indicate high abundance in comparison 

to paralogs. ND, not detected; XS, xylose; CB, cellobiose; AC, α-cellulose; XN, xylan. 
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4.4.5.5 Hydrogen generation 

In fermentative bacteria such as Clostridia, hydrogenases (H2ases) are used for the 

production of H2 to dispose of excess reducing equivalents generated through carbohydrate 

catabolism (Vignais 2001). Putative H2ases encoded in the C. termitidis genome are listed in 

Table 4.4. Based on the metal content of the active site, C. termitidis H2ases can be classified 

into NiFe H2ases and Fe-Fe H2ases. In terms of relative expression, overall no significant 

differences were observed in the transcriptome and the proteome between the substrate 

conditions tested.  

Of the Fe-Fe H2ases, Cter_4848-Cter_4850 was the most highly expressed under all 

substrate conditions at both the transcription and proteome level.  BLAST analyses showed 

sequence homology with the C. thermocellum trimeric bifurcating hydrogenase (encoded by 

Cthe_0428-Cthe_0430). Bifurcating hydrogenase was initially characterized in Thermotoga 

maritama, which is known to use both NAD(P)H and reduced ferredoxin as substrates, and 

functions in the production of H2 (Schut and Adams 2009). If this is true in C. termitidis, then 

Cter_4848-Cter_4850 may be the primary H2ase responsible for H2 production. Cter_4761-

Cter_4763 also showed homology to bifurcating Cthe_0340-Cthe_0342 of C. thermocellum. 

However, the RNA transcripts were expressed at very low levels and only the gene product of 

Cter_4762 was identified. This is in contrast to the findings in C. thermocellum, where both the 

trimeric bifurcating H2ases were detected in high amounts in the proteome (Rydzak et al. 2012). 
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Table 4.4  Znet-scores (normalized differential values) of C. termitidis genes encoding putative 

hydrogenases.  

Locus Locus-description R0 P0 R1 P1 R2 P2

Cter_0657 Ni,Fe-hydrogenase III large subunit 0.12 -0.25 -0.68 -1.13 -0.05 -0.74

Cter_3893 Ni,Fe-hydrogenase III large subunit -0.03 0.71 -1.19 -0.31 0.06 0.25

Cter_3894 Respiratory-chain NADH dehydrogenase, 30 Kd 0.19 0.91 -1.27 0.24 0.3 1.01

Cter_3895 Ni,Fe-hydrogenase III small subunit -0.02 0.56 -1.32 0.01 0.12 0.52

Cter_4761 hydrogenase, Fe-only -0.56 -0.6 -0.91

Cter_4762 NADH:ubiquinone oxidoreductase, NADH-binding (51 kD) -0.38 -0.64 -0.41 -0.75 -0.39 -0.23

Cter_4763 Ferredoxin -0.11 -0.46 1.03

Cter_4765 NADH-quinone oxidoreductase, E subunit -1.01 -0.25 -0.19

Cter_4848 hydrogenase, Fe-only 0.18 -0.24 -0.94 -0.87 -0.98 -0.1

Cter_4849 NADH:ubiquinone oxidoreductase, NADH-binding (51 kD) 0.06 -0.25 -1.07 -0.82 -1.2 -0.13

Cter_4850 NADH:ubiquinone oxidoreductase 24 kD subunit 0.03 -0.22 -1.44 -0.88 -0.98 -0.24

Cter_2461 hydrogenase, Fe-only 0.34 0.52 0.23

Cter_2462 NADH:ubiquinone oxidoreductase, NADH-binding (51 kD) 0.05 -0.19 -0.06

Cter_2463 NADH:ubiquinone oxidoreductase 24 kD subunit -0.05 -0.04 -0.11

Cter_2553 iron only hydrogenase large subunit -0.1 0.62 -0.13 0.61 -0.67 0.26

Cter_3528 iron only hydrogenase large subunit 0.5 0.04 0.25

Cter_4457 hydrogenase, Fe-only 0.69 0.81 -0.01

Cter_4458 NADH:ubiquinone oxidoreductase, NADH-binding (51 kD) 0.19 1.07 0.27

Cter_4459 NADH:ubiquinone oxidoreductase 24 kD subunit 0.18 0.46 -0.27

NiFe H2ase

FeFe H2ase

Znet-scores Znet-scores

 

Normalized transcriptomic Z-scores Rnet are represented as: (i) R0 = xylose grown cells – cellobiose 

grown cells; (ii) R1 = α-cellulose grown cells – cellobiose grown cells; and (iii) R2 = xylan grown cells – 

cellobiose grown cells. Normalized proteomic Z-scores Pnet are represented as (i) P0 = xylose grown cells 

– cellobiose grown cells; (ii) P1 = α-cellulose grown cells – cellobiose grown cells; and (iii) P2 = xylan 

grown cells – cellobiose grown cells. For any protein or RNA transcripts, a negative value represents 

higher expression on cellobiose, while a positive value represents higher expression in any of the other 

corresponding substrate. No significant differences in expression were however observed. Bold indicates 

the bifurcating hydrogenase abundantly expressed under all conditions. 
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4.5 Conclusion 

The ability to grow on and ferment the hydrolysis products of two important 

lignocellulose derived substrates (cellulose and xylan) to valuable end-products (such as ethanol) 

makes C. termitidis an attractive and potential candidate for biofuel production via consolidated 

bioprocessing.  Understanding the expression of gene and gene products associated with 

cellulase/hemicellulase synthesis and degradation, and cellular metabolism in conjunction with 

thermodynamics of end-product formation under different substrates, is important to improving 

our understanding C. termitidis physiology and for identifying engineering targets for improving 

biomass to biofuel production.  

In this study, we conducted RNA seq analysis coupled with 2D HPLC-MS/MS 

quantitative proteomics for the first time, with C. termitidis cultured on simple and complex 

carbohydrates (cellobiose, xylose, xylan, and α–cellulose) as sole carbon sources to identify and 

understand the expression of genes and gene products associated with hemi/cellulose 

degradation, transport and pathways involved in conversion of sugars to end-products. In 

addition, the present study identified that C. termitidis is able to ferment both cellobiose and 

xylose concomitantly, suggesting the ability to utilize either sugar under mixed substrate 

conditions. 

Of the various cellulosome and non-cellulosome associated CAZymes identified, genes 

for cellulosomal enzymes and its components were found to be highly expressed on α–cellulose 

compared to other substrates. This may be due to the fact that, cellulosomes adhere to the cell 

surface and the solid substrate during growth for maximum nutritional benefits. The lack of an 

anchor during growth on cellobiose, xylose, and xylan may have contributed to the low 

expression observed on these substrates. Research using natural biomass as growth substrates 

may help elucidate this further. In addition, studies on isolated cellulosomes may give insights 
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into substrate based cellulosome composition and modulation. Furthermore, in terms of CAZyme 

regulation, we were able to associate a number of glycoside hydrolases with both two component 

and CcpA regulatory systems.   

Through correlation of the transcriptomes and proteomes with the metabolic profiles, we 

were able to identify the pathways involved in carbon flux in C. termitidis. While major 

differences were not observed in gene and gene product expression for enzymes associated with 

central metabolism as has been observed in other fermentative organisms (Verbeke et al. 2014), 

xylulokinase and xylose isomerase of the pentose phosphate pathway were found to be highly 

up- regulated on five carbon sugars compared to hexose sugars. However, to be able to fully 

understand the regulation of carbon and electron flux, biochemical characterization of associated 

enzymes, which has not yet been conducted, is necessary. In the presence of multiple paralogs 

with the same annotation, we were also able to propose which of these were the key genes 

associated with high expression, consistent with their use in catabolism. Nevertheless, this study 

has enhanced our understanding of the physiology and metabolism of C. termitidis, and provides 

a foundation for future studies on metabolic engineering to optimize biofuel production from 

natural biomass. 
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Chapter 5 

Conclusions and Future Perspectives 

 

5.1 Overview and Rationale of the Research  

Biofuels are an attractive alternative to fossil fuels because they are sustainable, can 

promote energy security and their use results in lower greenhouse gas emissions thus making 

them environmental friendly.  Various strategies exist for the production of biofuels from 

abundantly available lignocellulosic biomass. Potential single step conversion of biomass to 

biofuels through CBP would provide a cost effective (hemi)cellulose processing strategy, in 

which enzyme production, substrate hydrolysis and fermentation of sugars to ethanol are all 

carried out in a single step process by microorganisms. For industrial scale production of 

bioethanol, the CBP-enabling microbe must be able to both efficiently degrade lignocellulosic 

material to fermentable sugars and biosynthesize desired biofuels at high yield. Microbes with 

these properties have so far not been found mainly due to physiological limitations associated 

with characterized strains. Bioprospecting for native organisms that inherently possess the 

capacity to use cellulosic biomass and produce desired end products should however precede 

genetic/metabolic engineering strategies, since in the natural environment, whether in the gut of 

a termite or in soil, lignocellulosic material is degraded by a consortium of microorganisms with 

cellulolytic properties. Developing naturally occurring cellulolytic isolates with CBP-relevant 

properties will nevertheless require a comprehensive understanding of the mechanism of 

lignocellulosic hydrolysis and metabolism, which has been the focus of this thesis. Both 

mesophilic and thermophilic anaerobic cellulolytic Clostridia have been receiving a great deal of 

attention for their ability to convert componenets of lignocellulosic biomass to desired end 

products. 
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5.2 Objectives, Hypotheses, and Observed Outcomes 

With the availability of ‘Omics technologies and the quest to find a suitable organism for 

its potential use in CBP, we turned our attention to the under-characterized anaerobic mesophilic 

Clostridium termitidis strain CT1112 to gain further insights into its mechanisms of 

lignocellulosic biomass hydrolysis, the first step in the production of biofuel from biomass by 

microorganisms, and understand its metabolism. This led us to define the main objectives of this 

study as described in Chapter 1.  

The first objective of this thesis was to elucidate the mechanism of substrate hydrolysis in 

C. termitidis. The hypothesis that hydrolysis of hemi(cellulose) in C. termitidis is carried out by a 

variety of CAZymes with cellulolytic and hemicellulolytic activities, and that these may be 

secreted freely or attached to a cellulosome like structure was confirmed in chapters 2, 3 and 4. 

In chapter 2, a comparative bioinformatics approach was used to identify the potential 

carbohydrate degradative ability of C. termitidis based on CAZyme data, and the CAZyme 

content encoded by the C. termitidis genome was compared with those of selected representative 

cellulosome forming and non-cellulosome forming anaerobic, cellulolytic Clostridium species. A 

significantly higher numbers of CAZymes encoding sequences were identified in C. termitidis in 

comparison to other Clostridial species. Of these, higher numbers of glycoside hydrolases and 

carbohydrate binding modules were identified. The presence of a large variety of putative 

extracellular CAZymes indicates hydrolysis/degradation potential for a wide range of complex 

and simple carbohydrates such as cellulose, hemicellulose, starch, chitin, fructans, pectin, 

glucose, cellobiose, xylan and xylose, which may be advantageous for lignocellulosic biomass 

hydrolysis. In addition, dockerin-bearing enzymes, cohesion domains and a cellulosomal gene 

cluster, which are key components of a cellulosome, were identified, indicating the presence of 

potential cellulosome assembly. This provided us with valuable insights into the potential 
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mechanism of polysaccharide hydrolysis in C. termitidis and led us to further explore the 

relationship between genome content and gene product expression using proteomic and 

transcriptomic tools (Chapters 3 and 4) and gain systems level understanding of the operative 

mechanisms of hydrolysis under specific substrate conditions. 

 In Chapter 3, C. termitidis cells were grown on α-cellulose and cellobiose, and 

quantitative 4-plex iTRAQ-based 2D HPLC-MS/MS proteomics was applied to measure protein 

expression levels in both cell lysates and extracellular protein (secretome) fractions at 

exponential and stationary phases of growth. A large number of proteins were shared between 

the cell lysates and the secretome fractions. Exoglucanases (GH48, GH9), endoglucanases (GH5, 

GH8, GH9), hemicellulases including xylanases (GH8, GH10, GH11) and mananase (GH26), 

and cellulosome associated proteins, were identified and these exhibited higher expression on 

cellulose-grown cells. As is the case in C. thermocellum, the expression of these proteins 

increased with a decrease in growth rate. The regulatory mechanisms of these proteins is 

however not fully understood but is thought to be regulated by catabolite repression. At late 

exponential and stationary phase, a decrease in readily metabolizable sugars such as cellobiose 

may have triggered the expression of energy intensive cellulases and cellulosomal components. 

Non-cellulosomal proteins, however, did not change significantly between substrate conditions, 

although there were a few exceptions such as the expression of some xylanases and glucosidase 

was increased on cellulose while chitinases (GH18) and cellobiose phosphorylases (Chapter 4) 

were significantly increased on cellobiose.    

While we have so far been unable to detect the presence of cellulosome integrating 

(scaffoldin) and anchoring proteins in the genome of C. termitidis, the electron micrographs 

(chapter 3) nevertheless show putative channels, descriptive of a cellulosome-like structure,  

stretching from the cell surface to the substrate indicating cellular attachment. Further studies to 
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characterize the various cohesin domains identified would aid in complete understanding of their 

function and may help identify the presence of cellulosome integrating protein. Furthermore, the 

abundant expression of proteins with putative adhesive properties, such as S-layer proteins, 

hypothetical proteins with sequence similarities to surface proteins and cell wall binding proteins 

as well as flagellin proteins (Chapter 3) suggest that C. termitidis is able to strategically maintain 

close proximity of cells, carbohydrate degrading enzymes and cellulosomes to the substrate 

during hydrolysis via these proteins thereby allowing efficient hydrolysis and minimizing 

diffusion of nutrients into the environment.  

To further enhance our understanding and validate our findings in Chapter 3, we carried 

out RNA seq analysis coupled with 2D HPLC-MS/MS quantitative proteomics (chapter 4) on C. 

termitidis cultured on simple and complex 6 carbon sugars cellobiose and α–cellulose as well as 

pentose sugars xylose and xylan as sole carbon sources. This was the first study to effectively 

demonstrate the ability of C. termitidis to grow on a polymeric hemicellulose component, xylan. 

Similar to findings in Chapter 3, genes for cellulosomal enzymes and its components were found 

to be highly expressed on α–cellulose compared to other substrates, while chitinase and 

cellobiophosphorylases were the predominant CAZymes expressed on cellobiose. On 5 carbon 

sugars, the genes for xylanases and glucosidases were up-regulated with respect to cellobiose. 

The RNA seq study further helped in elucidating that the cellulosome is the main participant at 

play during hydrolysis of cellulose based substrates. Our assumption is that C. termitidis 

cellulosomes adhere to insoluble substrates and are expressed when readily metabolizable sugars 

are unavailable, and since cellulose was the only insoluble substrate in our selection of 

substrates, it would be interesting and informative to assess the growth and expression of 

cellulosomal components using natural hemicellulosic biomass. Furthermore, we were also able 
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to putatively associate two component regulatory system and CcpA proteins in the regulation of 

a number of CAZymes, which could be explored further.  

The expression of genes and gene products for hemicellulases, ABC type systems for 

xylose transport and for xylose catabolism, in cultures containing 6 carbon sugars in the absence 

of any added xylose led us to hypothesize that that in the natural environment, C. termitidis is 

primed and ready to attack and utilize both cellulose and hemicellulose components 

concomitantly. This led us to evaluate the substrate utilization profiles of C. termitidis cultured 

on xylose and cellobiose, as single (xylose or cellobiose) compared with mixed (xylose plus 

cellobiose) carbon sources (Chapter 4). Our hypothesis was confirmed and we were able to 

demonstrate, in addition to utilization of xylan, the simultaneous fermentation of both xylose and 

cellobiose through growth experiments, end product synthesis patterns and substrate utilization 

profiles. This was further supported by the fact that the genes and gene products of enzymes 

involved in the xylose degradation pathway (Chapter 4) were not inhibited, when the cells were 

cultured on hexoses alone (both cellobiose and α – cellulose) and vice versa. Further adding to 

the support of this hypothesis is the fact that in addition to the expression of putative xylose 

specific ABC type transporters, ABC sugar transporters were also found to be highly expressed 

on both 5 and 6 carbon sugars. The ability to hydrolyze and ferment diverse saccharides and 

simultaneously utilize lignocellulose derived pentose and hexose sugars is a highly desirable 

characteristic and makes C. termitidis potentially advantageous for CBP-biofuel production over 

other well studied Clostridia species, given the abundance of these carbohydrates in many types 

of lignocellulosic biomass. However studies using mixed polymeric substrates such as xylan and 

cellulose could be conducted to further verify simultaneous hexose and pentose fermentation in 

C. termitidis.  
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Because of its diverse substrate utilization potential and its ethanol production 

capabilities, investigating and understanding the core metabolism of C. termitidis may help 

identify approaches to improve its ethanol production and ultimately, its industrial relevance. In 

the fourth chapter of this thesis, pathways involved in carbon catabolism in C. termitidis cultured 

on cellobiose, xylose, xylan, and α–cellulose were investigated through correlation of 

transcriptomes and proteomes with the metabolic profiles and the results obtained support the 

proposed hypothesis that genome content and expression profiles dictate end-product synthesis 

patterns. Our analysis shows that lignocellulose constituent hexoses and pentoses are consumed 

via the EMP and pentose phosphate pathways, respectively.  

The majority of the genes and gene products associated with central metabolism and end 

product synthesis were identified and detected in high abundance under all substrate conditions, 

regardless of the amounts of end products synthesized. Multiple paralogs with the same 

annotation were also identified for some enzymes catalyzing different pathways, we were 

however able to propose which of these were the key genes and whose products may be involved 

with pyruvate catabolism based on high expression, as these would be considered rational targets 

for genetic engineering strategies to manipulate carbon flux in this strain and improve biofuel 

yields.  

While major differences were not observed in relative gene and gene product expression 

for enzymes associated with metabolic pathways under the different substrate conditions, 

xylulokinase and xylose isomerase of the pentose phosphate pathway were found to be highly up 

regulated on five carbon sugars compared to hexoses. In addition, we proposed that production 

of ethanol via the two enzyme route was preferred when cells were grown on pentoses and 

ethanol production via AdhE was preferred when C. termitidis was cultured on hexose sugars. In 

regards to the pentose phosphate pathway, the absence of genes encoding a transaldolase, led us 
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to propose an alternative route for the production of important intermediates using PPi-dependent 

6 - phosphofructokinase and fructose-1,6-bisphosphate aldolase. However, to be able to fully 

understand the regulation of carbon and electron flux in C. termitidis, biochemical 

characterization of associated enzymes, which has not yet been conducted, would be necessary.  

5.3 Future Perspectives. 

For any microorganism that is to be developed for use in an industry is first isolated and 

selected on the basis of its inherent capability/ies such as production of valuable end products, 

tolerance, utilization of cheap feedstock etc. It is therefore essential to identify these traits in the 

organism of interest before further optimization through genetic engineering techniques. The 

work presented in this thesis has provided valuable insights into the substrate hydrolysis 

mechanisms and metabolic pathways of C. termitidis, an organism which has the ability to utilize 

both pentose and hexose sugars for efficient lignocellulosic conversion into biofuels such as 

ethanol, and has provided a rational for future studies on its potential implementation as a CBP 

organism. This would however require a thorough understanding of bacterial metabolism and 

regulatory components and would involve enzyme characterization, metabolomic profiling of 

intracellular metabolites, metabolic flux modelling, and genetic engineering technologies. 

Studies so far conducted on C. termitidis have been from cultures grown in closed batch 

experiments. Characterizing growth, through a combination of physiological, biochemical and 

‘omics analysis with open bioreactor experiments, in C. termitidis cultured on pure and raw 

lignocellulosic substrates, alone or in combination, under different culture conditions, such as 

substrate loading, pH control, nitrogen sparging, changing media composition, stirring, etc. 

would further help in understanding its metabolism and may influence product yields.  

Several studies have explored the use of mixed cultures for more efficient ethanol 

conversion. For example, mesophilic cellulolytic C. cellulolyticum was cultured with a non-
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cellulolytic Clostridium sp. capable of utilizing cellobiose or glucose (Gehin et al., 1996). The 

competition between the two organisms for the released cellodextrins however showed lack of 

synergy and resulted in growth decline and cell death. Similarly, thermophilic C. thermocellum, 

which is unable to utilize pentose sugars, has been cultivated with thermophilic, anaerobic 

bacteria that are capable of utilizing both hexose and pentose sugars such as Clostridium 

thermosaccharolyticum (Saddler and Chen, 1984), Clostridium thermohydrosulfuricum (Ng et al. 

1981), and Thermoanaerobium brockii (Lamed and Zeikus, 1980). In these cultures, 

(hemi)cellulose is broken down by the cellulase complex of C. thermocellum to cellobiose, 

xylose, xylobiose, and other cellodextrins, which are then utilized by the organisms to produce 

ethanol. While there was no direct competition for nutrient between the organisms in the 

consortia, the production of acetate and lactate resulted in decreased ethanol yields and 

inhibit/slowed down growth.  Studies have shown that the gut of wood-feeding termites contain a 

diverse range of microorganisms that collectively secrete cellulases and cooperatively degrade 

lignocellulose (Warnecke et al. 2007). Since C. termitidis was originally isolated from the gut of 

a wood feeding termite, mixed culture studies with other organisms may produce desirable 

results. The implementation of a successful co-culture would, however, require an understanding 

of lignocellulose hydrolysis capabilities of C. termitidis co-culture partners, sugar usage 

preferences, metabolic interactions, detailed knowledge of co-culture partners physiology and 

production of inhibitory/stimulatory compounds, in addition to providing and maintaining 

optimum growth conditions such as pH, temperature, and carbon source. Identifying mutual 

syntrophy and resolving physiological limitations in participating strains would therefore be a 

pre-requisite for the implementation of a successful C. termitidis co-culture.  
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Appendix 

 

Supplementary Table S1 Comparative analysis of the number of glycoside hydrolase (GH) 

families in selected Clostridium species. Numbers below each family class indicate the number 

of members belonging to the specific family for the specific Clostridium specie. The number of 

family members is colored with respect to the average number of members found in the 6 

genomes. Color code: black = deviation between -2 and 2 standard deviation (SD) with respect to 

average; light orange = deviation > 2 SD above mean; lightgreen = deviation < -2 SD  below 

mean; dark orange = > 3 SD above mean; lightblue = deviation < -3 SD  below mean; red = > 4 

SD above mean; blue = deviation < -4 SD  below mean; dark red = > 5 SD above mean; darkblue 

= deviation < -5 SD  below mean. Given the excessive size of the table, it could not be 

reproduced in this thesis, but can be accessed as an excel file (Table S1) through the following 

link:  http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5
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Supplementary Table S2. Comparative analysis of the number of glycosyl transferases (GT) families in selected Clostridium species.  

 

Numbers below each family class indicate the number of members belonging to the specific family for the specific Clostridium 

species. The number of family members is colored with respect to the average number of members found in the 6 genomes. Color 

code: black = deviation between -2 and 2 standard deviation (SD) with respect to average; light orange = deviation > 2 SD above 

mean; light green = deviation < -2 SD  below mean; dark orange = > 3 SD above mean; light blue = deviation < -3 SD  below mean; 

red = > 4 SD above mean; blue = deviation < -4 SD  below mean; dark red = > 5 SD above mean; dark blue = deviation < -5 

SD  below mean. 

Organism GT1 GT2 GT4 GT5 GT8 GT26 GT27 GT28 GT32 GT35 GT39 GT51 GT84 Total

Clostridium cellulolyticum  H10 4 6 3 2 0 1 0 3 0 1 1 1 1 23

Clostridium cellulovorans  743B 5 15 10 1 0 2 1 2 0 2 0 1 1 40

Clostridium phytofermentans  ISDg 1 13 9 1 0 0 0 2 0 1 0 3 0 30

Clostridium thermocellum  ATCC 27405 4 9 12 2 1 1 0 3 1 1 1 1 1 37

Clostridium stercorarium  subsp. stercorarium DSM 8532 0 4 6 2 0 1 0 1 1 2 0 1 0 18

Clostridium termitidis CT1112 2 20 9 2 0 1 0 4 0 1 1 1 1 42
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Supplementary Table S3. Comparative analysis of the number of polysaccharide lyase (PL) families in selected Clostridium species.  

Organism PL1 PL7 PL8 PL9 PL10 PL11 PL12 PL15 PL17 PL22 Total 

Clostridium cellulolyticum H10  1 0 0 0 1 2 0 0 0 0 4 

Clostridium cellulovorans 743B  4 0 0 7 2 2 0 0 0 0 15 

Clostridium phytofermentans ISDg  1 1 0 4 0 1 1 1 1 0 10 

Clostridium thermocellum ATCC 27405  2 0 0 1 0 1 0 0 0 0 4 

Clostridium stercorarium subsp. stercorarium 

DSM 8532  
0 0 0 1 0 2 0 0 0 1 

4 

Clostridium termitidis CT1112 0 0 3 0 0 1 0 0 0 0 4 

 

Numbers below each family class indicate the number of members belonging to the specific family for the specific Clostridium specie. 

The number of family members is colored with respect to the average number of members found in the 6 genomes. Color code: black 

= deviation between -2 and 2 standard deviation (SD) with respect to average; light orange = deviation > 2 SD above mean; light 

green = deviation < -2 SD  below mean; dark orange = > 3 SD above mean; light blue = deviation < -3 SD  below mean; red = > 4 SD 

above mean; blue = deviation < -4 SD  below mean; dark red = > 5 SD above mean; dark blue = deviation < -5 SD  below mean. 
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Supplementary Table S4. Comparative analysis of the number of carbohydrate esterase (CE) families in selected Clostridium 

species.  

 

Organism CE1 CE2 CE3 CE4 CE6 CE7 CE8 CE9 CE12 CE14 CE15 Total 

Clostridium cellulolyticum H10  5 1 1 4 1 1 1 0 0 0 0 14 

Clostridium cellulovorans 743B  1 3 1 10 0 0 4 1 1 0 0 21 

Clostridium phytofermentans ISDg  0 2 0 8 0 0 1 1 1 0 1 14 

Clostridium thermocellum ATCC 27405  3 1 2 3 0 1 1 1 2 1 0 15 

Clostridium stercorarium subsp. stercorarium  

DSM 8532  
1 0 0 4 0 1 1 2 1 0 0 

10 

Clostridium termitidis CT1112 0 0 0 9 0 3 0 1 0 1 1 15 

 

Numbers below each family class indicate the number of members belonging to the specific family for the specific Clostridium specie. 

The number of family members is colored with respect to the average number of members found in the 6 genomes. Color code: black 

= deviation between -2 and 2 standard deviation (SD) with respect to average; light orange = deviation > 2 SD above mean; lightgreen 

= deviation < -2 SD  below mean; dark orange = > 3 SD above mean; lightblue = deviation < -3 SD  below mean; red = > 4 SD above 

mean; blue = deviation < -4 SD  below mean; dark red = > 5 SD above mean; darkblue = deviation < -5 SD  below mean. 
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Supplementary Table S5. Comparative analysis of the number of carbohydrate binding module 

(CBM) families in selected Clostridium spp. Numbers below each family class indicate the 

number of members belonging to the specific family for the specific Clostridium specie. The 

number of family members is colored with respect to the average number of members found in 

the 6 genomes. Color code: black = deviation between -2 and 2 standard deviation (SD) with 

respect to average; light orange = deviation > 2 SD above mean; lightgreen = deviation < -2 

SD  below mean; dark orange = > 3 SD above mean; lightblue = deviation < -3 SD  below mean; 

red = > 4 SD above mean; blue = deviation < -4 SD  below mean; dark red = > 5 SD above 

mean; darkblue = deviation < -5 SD  below mean. Given the excessive size of the table, it could 

not be reproduced in this thesis, but can be accessed as an excel file (Table S5) through the 

following link: http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5 

 

Supplementary Table S6. Comparative analysis of predicted extracellular CAZymes, 

designated in the CAZy database, involved with lignocellulosic biomass hydrolysis within 

Clostridium species. Numbers below each family class indicate the number of members 

belonging to the specific family for the specific Clostridium specie. Given the excessive size of 

the table, it could not be reproduced in this thesis, but can be accessed as an excel file (Table S6) 

through the following link:  

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104260#s5
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Supplementary Table S7.  Top 20 most abundant C.termitidis proteins identified in cell lysate fractions (Znet response measured in α- cellulose 

with respect to cellobiose). 

   
Exponential Phase Stationary Phase 

Locus(Cter) Description SigP 

CB 

TIC 

AC 

TIC Znet-score 

CB 

TIC 

AC 

TIC 

Znet-

score 

3944 Hypothetical protein  N 19.27 19.60 0.32 19.57 19.31 0.06 

2684 Hypothetical protein  Y 18.31 18.40 -0.06 18.73 18.30 -0.26 

3183 Chaperone GroL N 18.16 18.02 -0.44 18.25 17.91 -0.09 

4496 ABC-type sugar transport system, periplasmic  Y 18.08 18.65 0.71 18.34 18.54 0.91 

5426 Bifunctional acetaldehyde-CoA/alcohol  N 17.83 17.07 -1.44 17.93 16.65 -1.83 

4809 Glyceraldehyde-3-phosphate dehydrogenase, type I  N 17.38 17.45 -0.10 17.20 16.78 -0.24 

4786 Bifunctional phosphoglycerate  N 17.15 16.93 -0.56 16.99 16.64 -0.11 

411 Malic enzyme  N 17.11 16.41 -1.34 16.14 ND -0.78 

4153 Translation elongation factor TU  N 17.08 17.03 -0.29 16.70 16.70 0.28 

732 Acetyl-CoA carboxylase, carboxyltransferase  N 16.94 16.53 -0.87 17.16 16.31 -1.04 

4169 Ribosomal protein L7/L12  N 16.92 16.69 -0.58 16.54 15.97 -0.52 

4849 NADH:ubiquinone oxidoreductase, NADH-binding (51  N 16.87 16.39 -0.98 16.82 16.05 -0.89 

2197 Beta-ketoacyl-acyl-carrier-protein synthase II  N 16.66 16.24 -0.89 16.55 16.05 -0.39 

4296 ABC-type Fe3+ transport system, periplasmic  Y 16.65 ND -2.02 17.11 ND -2.83 

1025 Pyruvate ferredoxin oxidoreductase, gamma  N 16.55 16.24 -0.71 16.76 16.07 -0.74 

1146 Phosphoenolpyruvate carboxykinase (GTP)  N 16.50 16.32 -0.50 ND ND ND 

4718 Fructose-1,6-bisphosphate aldolase, class II  N 16.39 16.37 -0.24 ND ND ND 

4848 Hydrogenase, Fe-only  N 16.35 ND -0.69 16.56 15.84 -0.80 

1023 Pyruvate ferredoxin oxidoreductase, alpha  N 16.33 ND -0.65 ND ND ND 

3280 Iron-containing alcohol dehydrogenase  N 16.28 16.69 0.45 ND 15.93 0.98 

3554 ABC-type sugar transport system, periplasmic  Y ND 16.72 2.41 ND 16.36 3.21 

2439 ABC-type sugar transport system, periplasmic  Y ND 16.55 3.07 ND ND ND 

820 Chaperone protein DnaK  N ND 16.24 1.35 16.22 15.96 0.06 
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5037 ABC-type transport system, periplasmic  Y ND 16.22 1.16 ND ND ND 

5429 ABC-type xylose transport system, periplasmic  Y ND ND ND 16.65 ND -2.07 

730 Pyruvate/oxaloacetate carboxyltransferase  N ND ND ND 16.49 15.90 -0.56 

2385 Bacterial nucleoid DNA-binding protein  N ND ND ND 16.36 15.99 -0.15 

4159 DNA-directed RNA polymerase, beta'' subunit,  N ND ND ND 16.16 ND -0.33 

3372 ABC transporter  N ND ND ND ND 15.79 0.22 

 

SigP, SignalP predictions; AC, α-cellulose; CB, cellobiose; ND, not detected in top 20 abundant proteins. Protein abundance (TIC) is expressed 

as the sum of all CID fragment intensities for all detected occurrences of its member peptides, mapped into a log2 scale. Highlighted cells 

represent Z-value threshold for up and down regulation of ± 1.65 ( representing the outermost 10% of the data set).  
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Supplementary Table S8. Top 20 most abundant C.termitidis proteins identified in the secretome (Znet response measured in  

α- cellulose with respect to cellobiose) 

   
Exponential Phase Stationary Phase 

Locus 

(Cter_) Description SigP 

CB 

TIC 

AC 

TIC 

Znet-

score 

CB 

TIC 

AC 

TIC 

Znet-

score 

3944 Hypothetical protein  N 19.94 19.39 -1.49 20.93 20.39 -2.32 

2684 Hypothetical protein  Y 18.67 18.07 -1.56 19.72 19.20 -2.29 

4496 ABC-type sugar transport system, periplasmic  Y 18.36 17.67 -1.68 19.21 18.84 -2.07 

1555 Flagellin domain-containing protein  N 16.29 16.74 -0.12 15.81 16.92 0.10 

768 ABC-type dipeptide transport system, periplasmic  Y 15.92 16.45 -0.01 16.67 17.14 -0.84 

2799 Hypothetical protein  Y 15.94 16.24 -0.33 16.74 17.18 -0.88 

2439 ABC-type sugar transport system, periplasmic  Y 14.58 16.02 1.23 ND 16.42 1.57 

4809 Glyceraldehyde-3-phosphate dehydrogenase, type I  N 14.64 15.66 0.66 ND 16.25 0.71 

3554 ABC-type sugar transport system, periplasmic  Y ND 15.50 1.56 ND 15.92 0.88 

2434 

CBM22-CBM22-CBM22-GH10-CBM9-SLH (β-1,4-

xylanase) Y ND 15.43 1.35 ND 15.95 0.87 

2813 GH18-GH18-GH18-CBM12-CBM12 (chitinase) Y 16.53 15.23 -2.52 17.80 16.59 -3.31 

3438 Hypothetical protein  Y 14.58 15.15 0.04 15.07 16.28 0.25 

4718 Fructose-1,6-bisphosphate aldolase, class II  N ND 14.90 0.63 ND 15.49 0.65 

300 RHS repeat-associated core domain-containing  N 14.24 14.80 0.03 ND ND ND 

5037 ABC-type transport system, periplasmic  Y ND 14.80 0.37 ND ND ND 

4329 Xylose isomerase  N ND 14.75 1.37 ND 15.96 1.50 

1146 Phosphoenolpyruvate carboxykinase (GTP)  N 14.41 14.73 -0.30 ND ND ND 

486 Fibronectin type III-PA14-GH3 Y 16.49 14.70 -3.19 17.54 16.03 -3.75 

390 ABC type sugar transport protein Y ND 14.66 1.27 ND ND ND 

3463 Chaperone of endosialidase (peptidase) N ND 14.63 0.97 ND ND ND 

1169 Hypothetical protein  Y 15.43 ND -1.85 15.36 15.61 -1.16 

2728 Putative periplasmic protein (DUF2233)  Y 15.22 ND -2.34 15.80 ND -2.99 
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4606 S-layer domain-containing protein  Y 15.00 ND -1.26 15.05 ND -1.40 

4595 N-acetylmuramoyl-L-alanine amidase  Y 14.75 ND -2.42 15.22 ND -2.71 

3943 S-layer domain-containing protein  Y 14.62 ND -1.27 15.44 ND -1.87 

2003 S-layer protein  Y 14.43 ND -1.19 14.97 ND -1.09 

3349 Glycoside hydrolase 18 (chitinase) Y 14.43 ND -2.27 14.94 ND -2.46 

3751 Hypothetical protein  Y ND ND ND 14.94 15.48 -0.74 

3183 Chaperonin GroL  N ND ND ND ND 15.86 0.28 

4169 Ribosomal protein L7/L12  N ND ND ND ND 15.60 1.19 

4441 GH5_2-CBM17-CBM28-SLH-SLH-SLH  Y ND ND ND ND 15.50 0.47 

2258 SpoIID/LytB domain-containing protein  Y ND ND ND 15.24 ND -2.12 

2812 Copper amine oxidase domain protein  N ND ND ND 14.99 ND -2.53 

2907 Hypothetical protein  N ND ND ND 14.73 ND -3.07 

 

SigP, SignalP predictions; AC, α-cellulose; CB, cellobiose; ND, not detected in top 20 abundant proteins. Protein abundance (TIC)is expressed 

as the sum of all CID fragment intensities for all detected occurrences of its member peptides, mapped into a log2 scale. Highlighted cells 

represent Z-value threshold for up and down regulation of ± 1.65 (representing the outermost 10% of the data set).  
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Supplementary Table S9.  Average TIC and Znet-scores of cellulosomal components identified 

in C.termitidis cell lysates and secretomes at both exponential and stationary phases of growth 

(Znet response measured in α- cellulose with respect to cellobiose). Due to the excessive size of 

the table, it could not be reproduced in this thesis, but can be accessed as an excel file through 

the following link: 

https://www.dropbox.com/s/0mgodrx9i4noyqf/Supplementary%20Table%20S9.xlsx?dl=0 

 

 

Supplementary Table S10.  Average TIC and Znet-scores of non-cellulosomal components 

identifed in C.termitidis cell lysates and secretomes at both exponential and stationary phases of 

growth (Znet response measured in α- cellulose with respect to cellobiose). Due to the excessive 

size of the table, it could not be reproduced in this thesis, but can be accessed as an excel file 

through the following link: 

https://www.dropbox.com/s/8lh3tpv84hj4q38/Supplementary%20Table%20S10.xlsx?dl=0 

 

Supplementary Table S11.  Average TIC and Znet scores of ABC superfamily transport 

proteins identified in the cell lysates and secretomes of C.termitidis grown on α-cellulose and 

cellobiose (Znet response measured in α- cellulose with respect to cellobiose). Due to the 

excessive size of the table, it could not be reproduced in this thesis, but can be accessed as an 

excel file through the following link: 

https://www.dropbox.com/s/vbprdy2mxlwzg2i/Supplementary%20Table%20S11.xlsx?dl=0 

 

https://www.dropbox.com/s/0mgodrx9i4noyqf/Supplementary%20Table%20S9.xlsx?dl=0
https://www.dropbox.com/s/8lh3tpv84hj4q38/Supplementary%20Table%20S10.xlsx?dl=0
https://www.dropbox.com/s/vbprdy2mxlwzg2i/Supplementary%20Table%20S11.xlsx?dl=0
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Supplementary Table S12. Znet values and Total ion current (TIC) of the respective genes and 

gene products identified in C. termitidis cultured under various substrate conditions. Normalized 

proteomic Z-scores Pnet are represented as: (i) P0 = xylose grown cells – cellobiose grown cells; 

(ii) P1 = α-cellulose grown cells – cellobiose grown cells; and (iii) P2 = xylan grown cells – 

cellobiose grown cells.  Normalized transcriptomic Z-scores Rnet are represented as: (i) R0 = 

xylose grown cells – cellobiose grown cells; (ii) R1 = α-cellulose grown cells – cellobiose grown 

cells; and (iii) R2 = xylan grown cells – cellobiose grown cells. For any protein or RNA 

transcripts, a negative value represents higher expression on cellobiose, while a positive value 

represents higher expression in any of the other corresponding substrate. CB, Cellobiose; AC, α-

cellulose; Numbers in brackets indicate biological replicate. Due to the excessive size of the 

table, it could not be reproduced in this thesis, but can be accessed as an excel file through the 

following link: 

https://www.dropbox.com/s/tm7jpyhnu5m6gat/Supplementary%20Table%20S12.xlsx?dl=0 

https://www.dropbox.com/s/tm7jpyhnu5m6gat/Supplementary%20Table%20S12.xlsx?dl=0
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Supplementary Table S13. Znet scores of LacI transcriptional regulators and Histidine containing proteins in C. termitidis 

locus locus-description R0 P0 R1 P1 R2 P2

LacI transcriptional regulators in Clostridium termitidis  homologous to B.subtilis  CcpA

Cter_0587 transcriptional regulator 0.16 -0.14 -0.12

Cter_1849 transcriptional regulator -0.01 -0.19 -0.48

Cter_0573 transcriptional regulator -0.24 -0.46 0.23

Cter_1624 transcriptional regulator -0.66 -0.7 -0.27 0.64 -0.63 0.26

Cter_2547 transcriptional regulator -1.66 -1.6 -0.74 -0.76 -0.81 -1.1

Cter_1111 transcriptional regulator -0.11 -0.6 -0.04 0 0.89 0.25

Cter_0033 transcriptional regulator 0.16 -0 0.14 0.71 0.29 -0.64

Cter_2857 transcriptional regulator 0.23 0.2 -0.02 0.16 -0.62 0.23

Cter_4397 transcriptional regulator -0.29 -0.1 0.32 0.21 0.3 0.07

Cter_4495 transcriptional regulator -1.8 -1 -0.19 -0.59 -1.13 -0.81

Cter_3339 transcriptional regulator 1.57 0.9 0.06

Cter_4226 transcriptional regulator 0.18 -0.4 -0.02 0.22 0.16 -0.03

Cter_3212 transcriptional regulator -0.27 -0.5 -0.08 -0.32 -0.15 -0.26

Cter_1276 transcriptional regulator -0.01 -0.5 -0.7 -0.29 0 -0.41

Cter_4101 transcriptional regulator 0.11 -0.26 0.17

Histidine containing proteins in C.termitidis

Cter_1040 Phosphotransferase System HPr (HPr) Family -0.02 0.93 1.01 -2.31 0.22 -1.92

Cter_3631 Phosphotransferase System HPr (HPr) Family 0 -0 0.05 -0.25 0.25 0.13

Cter_4771 PTS HPr component phosphorylation site -0.88 0.2 -0.25 -0.35 0.25 -0.1

Cter_4826 Hpr(Ser) kinase/phosphatase -0.53 -0.6 -0.42 -0.47 -0.12 -0.27  
 

Normalized proteomic Z-scores Pnet are represented as: (i) P0 = xylose grown cells – cellobiose grown cells; (ii) P1 = α-cellulose 

grown cells – cellobiose grown cells; and (iii) P2 = xylan grown cells – cellobiose grown cells.  Normalized transcriptomic Z-scores 

Rnet are represented as: (i) R0 = xylose grown cells – cellobiose grown cells; (ii) R1 = α-cellulose grown cells – cellobiose grown 

cells; and (iii) R2 = xylan grown cells – cellobiose grown cells. Highlighted cells represent Znet-value threshold for up and down 

regulation of ± 1.65 (representing the outermost 10% of the data set).  
 

 



196 
 

Supplementary Table S14. Potential cre sequences overlapping CAZymes identified within the C. termitidis CT1112 genome. 

 
Sequence 

relative  to 

DNA  

     
Accession 

number 

Coordinates  

Matched sequence 

Corresponding 

locus Tags 

Corresponding gene 

sequences Start End 

AORV01000049 forward 78622 78637 ATGTAACCGGTACCAG Cter_3581 Beta-xylosidase 

AORV01000049 reverse 12972 12987 TTGCAAGCGCAAGCAC Cter_3529 
Glycosyl hydrolases 

family 18 

AORV01000021 forward 110123 110138 ATGAAATCGCTGTCAA Cter_0754 Endoglucanase 

AORV01000035 reverse 70967 70982 ATGAAATCGGAGGCAT Cter_2434 
Beta-1,4-xylanase 

(GH10) 

AORV01000039 forward 55792 55807 TTGAAACCGGAATCAA Cter_2813 
Glycosyl hydrolases 

family 18 

AORV01000027 reverse 19762 19777 ATGCAACCGGAGACAA Cter_1573 
Beta-1,4-xylanase 

(GH10) 
 

All the potential cre sequences identified within the C. termitidis CT1112 genome can be found at the following link: 

https://www.dropbox.com/s/fwtp9e70eorfalm/cre%20sequences.xlsx?dl=0 

 

 

 

 

 

https://www.dropbox.com/s/fwtp9e70eorfalm/cre%20sequences.xlsx?dl=0
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Supplementary Table S15.  Highly expressed ABC type sugar transporters identified in the transcriptome and proteome of  

C. termitidis. 

Locus Locus-description R0 R1 R2 P0 P1 P2

Cter_4496 ABC-type sugar transport system, periplasmic -13.5 -0.47 -10.67 -1.78 0.49 -4.8

Cter_4497 ABC-type sugar transport system, permease -11.9 -1.53 -11.95 -2.58 -2.05 -5.06

Cter_4498 ABC-type polysaccharide transport system, -13.17 -1.68 -11.22 -2.22 -1.26 -3.77

Cter_2437 ABC-type sugar transport system, permease 0.15 4.66 8.96 1.78 2.41 4.85

Cter_2438 ABC-type polysaccharide transport system, 0.18 4.23 9.13 2.04 2.75 5.27

Cter_2439 ABC-type sugar transport system, periplasmic 0.26 4.49 9.25 3.42 3.83 4.98

Cter_3554 ABC-type sugar transport system, periplasmic 7.16 4.67 8.65 5.76 3.77 4.3

Cter_3555 ABC transporter, permease protein 5.43 3.72 7.59 2.56 1.03 2.27

Cter_3556 ABC-type sugar transport system, permease 5.96 4.67 8.2 4.27 2.07 3.84

Cter_3557 ABC-type sugar transport system, periplasmic 1.64 1.66 3.64 1.16 0.82 1.19

Cter_0390 ABC-type sugar transport system, periplasmic 4.76 4.86 8.84 2.45 3.72 4.75

Cter_0391 ABC-type sugar transport system, permease 5.28 5.8 10.06 1.2 1.03 3.6

Cter_5427 ABC-type xylose transport system, permease 9.65 -0.64 -0.05 4.67 -1.16 -0.01

Cter_5428 ABC-type sugar transport system, ATPase 10.69 -0.07 -0.05 4.96 -2.05 0.15

Cter_5429 ABC-type xylose transport system, periplasmic 10.63 -1.5 -0.85 4.55 -1.43 0.44

Cter_0261 ABC-type sugar transport system, ATPase 5.68 -1 0.4 6.98 -1.05 -0.42

Cter_0262 ABC-type sugar transport system, periplasmic 11.52 -0.41 1.28 9.24 -1.06 -0.32

Cter_1947 ABC-type sugar transport system, permease 3.69 1.09 2.18

Cter_1948 ABC transporter, permease protein 4.51 1.41 2.33

Cter_1949 ABC-type sugar transport system, periplasmic 3.33 0.7 1.63 5.07 2.75 1.05

Cter_0914 ABC-type xylose transport system, periplasmic 2.48 4.55 0.57 2.55 3.56 -1.01

Cter_0915 ABC transporter 4.35 5.78 1.55 0.02 2.04 -0.1

Cter_0916 ABC-type xylose transport system, permease 0.62 2.96 0.71 0.33 3.26 -9.78

Znet-scores Znet-scores

RNA seq Proteomic

 
 

Normalized proteomic Z-scores Pnet are represented as: (i) P0 = xylose grown cells – cellobiose grown cells; (ii) P1 = α-cellulose 

grown cells – cellobiose grown cells; and (iii) P2 = xylan grown cells – cellobiose grown cells.  Normalized transcriptomic Z-scores 

Rnet are represented as: (i) R0 = xylose grown cells – cellobiose grown cells; (ii) R1 = α-cellulose grown cells – cellobiose grown 

cells; and (iii) R2 = xylan grown cells – cellobiose grown cells. Highlighted cells represent Znet-value threshold for up and down 

regulation of ± 1.65 (representing the outermost 10% of the data set).  



198 
 

Supplementary Table S16. RNA seq and Proteomics expression values of enzymes identified in C. termitidis carbon metabolism pathways. 

  

RNA Sequencing Proteomics 

  

Average expression values TIC values 

Locus Locus-description CB   Xylose  AC  Xylan  CB Xylose AC Xylan 

Glycolysis 

    

  

   Cter_3950 Hexokinase  10.26 10.4 9.985 10.065 17.12 16.8 16.61 16.66 

Cter_3205 ROK family protein (putative glucokinase)  9.12 9.13 8.49 9.05 13.86 13.79 14.78 13.94 

Cter_3170 Transcriptional regulator/sugar kinase  6.88 6.98 7.35 7.77 14.91 14.65 15.53 15.55 

Cter_1642 Transcriptional regulator/sugar kinase  6.655 7.14 7.335 6.88 11.87 11.82 13.1 12.09 

Cter_4742 Transcriptional regulator/sugar kinase  9.22 9.76 10.46 9.765   

   Cter_1033 Transcriptional regulator/sugar kinase  2.66 2.66 2.79 0   

   Cter_1159 Transcriptional regulator/sugar kinase  3.58 3.855 4.26 2.66   

   Cter_5142 Phosphomannomutase  11.875 11.28 11.435 11.27 18.47 18.02 18.21 17.92 

Cter_3865 Glucose-6-phosphate isomerase  11.425 10.48 10.385 10.025 19.65 18.98 19.75 18.67 

Cter_4719 6-phosphofructokinase  14.21 13.55 12.72 13.4 21.08 20.77 21.22 20.71 

Cter_0067 6-phosphofructokinase  8.69 9.01 8.555 8.705 17.95 17.98 18.12 17.86 

Cter_5379 6-phosphofructokinase  0 0.5 1.29 0.5   

   Cter_4718 fructose-1,6-bisphosphate aldolase, class II  15.765 16.12 14.83 15.565 21.73 21.57 21.07 20.52 

Cter_1264 Fructose-1,6-bisphosphate aldolase  11.735 12.13 12.3 12.28 18.27 18.67 20.18 18.97 

Cter_4809 glyceraldehyde-3-phosphate dehydrogenase, type I  17.135 17.285 16.52 16.855 23.01 22.93 22.82 22.06 

Cter_1092 glyceraldehyde-3-phosphate dehydrogenase, type I  4.89 4.645 5.08 4.975 10.77 10.34 10.94 9.51 

Cter_4786 bifunctional phosphoglycerate  14.195 13.955 13.055 13.4 22.24 22.04 22.52 22 

Cter_1845 triosephosphate isomerase  1 1.58 1.95 1   

   Cter_4785 2,3-bisphosphoglycerate-independent  15.475 15.765 14.26 15.975 19.79 19.46 20.01 19.65 

Cter_2329 Phosphoglycerate mutase  7.315 7.28 7.775 6.775 11.85 11.61 12.03 11.17 

Cter_0184 Fructose-2,6-bisphosphatase  5.54 5.65 5.795 4.58 12.85 12.45 13.26 12.4 

Cter_4779 phosphopyruvate hydratase/Enolase  16.27 16.175 15.395 16.14 19.47 19.47 19.27 19.42 

Pentose phosphate pathway 
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Cter_4329 xylose isomerase  9.23 14.665 12.49 13.53 18.34 22.07 20.58 21.41 

Cter_4331 D-xylulose kinase  6.35 11.68 10.225 10.4 17.01 20.57 19.77 20.31 

Cter_4413 L-ribulose-5-phosphate 4-epimerase  7.695 7.825 8.74 8.04 12.12 12.65 13.33 12.54 

Cter_2022 ribose 5-phosphate isomerase B  8.915 8.195 7.735 7.9 14.31 14.35 14.53 14.56 

Cter_2745 transketolase  11.245 13.5 11.775 12.875 18.72 20.22 20.05 20.55 

Cter_4973 Transketolase, C-terminal subunit  2 1 5.605 1 11.03 10.76 13.13 10.7 

Cter_4974 Transketolase, N-terminal subunit  3.14 2.32 6.495 1.16   

   Cter_3783 Transketolase, N-terminal subunit  2.29 2.58 2.745 2.375   

   Cter_4233 Transketolase, C-terminal subunit  1 2.585 2.405 0.79   

   Cter_4234 Transketolase, N-terminal subunit  0 2.58 0 1   

   Cter_4373 transketolase  1.5 2.29 2.695 1.16   

   Cter_5396 Transketolase, C-terminal subunit  2.565 2.66 3.08 2.16   

   Cter_5397 Transketolase, N-terminal subunit  1.58 

   

  

   Cter_1675 Transketolase, C-terminal subunit  4.425 4.72 4.05 4.75   

   Cter_1676 Transketolase, N-terminal subunit  4.48 4.995 4.405 4.205   

   Conversion of phosphoenol pyruvate to pyruvate 

    

  

   Cter_1146 Phosphoenolpyruvate carboxykinase (GTP)  15.34 15.31 14.14 14.505 21.75 21.52 20.9 21.31 

Cter_0412 malate dehydrogenase  10.985 10.745 9.59 10.45 19.91 19.72 18.01 18.92 

Cter_0411 malic enzyme  14.82 14.605 13.57 14.04 22.26 22.08 21.88 22.18 

Cter_0730 Pyruvate/oxaloacetate carboxyltransferase  14.135 13.505 14.03 13.21 21.29 20.96 21.08 21.17 

Cter_0649 pyruvate kinase  13.56 13.55 12.51 13.435 17.94 17.98 18.18 18.31 

Cter_5054 Phosphoenolpyruvate synthase/pyruvate phosphate  7.34 8.075 7.325 7.775   

   Cter_0809 pyruvate, phosphate dikinase  10.145 10.01 11.145 9.865 18.05 18.38 20.86 18.9 

Conversion of pyruvate to end products 

        Cter_2504 L-lactate dehydrogenase  14.63 14.38 13.465 14.515 15.45 15.55 15.6 15.54 

Cter_0038 formate acetyltransferase 1  15.665 16.175 14.05 14.585 19.75 20.22 19.28 19.56 

Cter_4726 formate acetyltransferase 1  9.175 7.695 7.31 8.56   

   Cter_0037 pyruvate formate-lyase 1-activating enzyme  11.56 12.015 10.11 10.12 14.6 14.82 15.41 14.63 

Cter_2583 Pyruvate-formate lyase-activating enzyme  6.12 7.275 6.47 7.295   
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Cter_4126 Pyruvate-formate lyase  

    

  

   Cter_4127 Pyruvate-formate lyase  2.79 3.66 4.53 2.95   

   Cter_3262 Pyruvate-formate lyase  4.39 4.245 4.845 3.855   

   Cter_0232 Pyruvate-formate lyase  6.19 7.07 7.12 6.195   

   Cter_1187 Pyruvate-formate lyase  4.915 5.92 4.82 3.935   

   Cter_1022 pyruvate ferredoxin oxidoreductase, beta subunit  15.665 15.61 14.475 14.795 20.41 20.13 20.36 19.62 

Cter_1023 pyruvate ferredoxin oxidoreductase, alpha  15.4 15.195 13.735 14.185 21.84 21.53 22.04 21.21 

Cter_1024 pyruvate ferredoxin oxidoreductase, delta  12.855 12.62 11.25 11.585 20.95 20.81 21.77 20.99 

Cter_1025 pyruvate ferredoxin oxidoreductase, gamma  13.595 13.34 12.035 12.185 22.01 21.71 22.2 21.43 

Cter_3589 pyruvate:ferredoxin (flavodoxin) oxidoreductase,  14.41 14.975 14.31 14.72 18.39 18.53 18.79 19.03 

Cter_2214 indolepyruvate ferredoxin oxidoreductase, bets  7.605 7.415 7.015 6.425 16.39 15.99 16.7 16.14 

Cter_2215 indolepyruvate ferredoxin oxidoreductase, alpha  10.58 10.64 10.685 10.335 17.06 16.71 17.58 17.06 

Cter_0198 indolepyruvate ferredoxin oxidoreductase, beta  7.23 7.55 7.945 6.68 13.91 13.72 14.56 14.04 

Cter_0199 indolepyruvate ferredoxin oxidoreductase, alpha  9.985 10.165 9.595 9.46 15.63 15.5 16.04 15.5 

Cter_3761 2-oxoacid:ferredoxin oxidoreductase, gamma  10.07 9.87 9.545 9.845 14.93 14.71 15.49 14.97 

Cter_3762 2-oxoacid:ferredoxin oxidoreductase, beta  10.29 10.235 9.915 9.945 15.99 15.93 16.89 16.18 

Cter_3763 2-oxoacid:ferredoxin oxidoreductase, alpha  9.245 9.13 9.03 8.87 16.21 16.14 17.2 16.57 

Cter_0993 NAD-dependent aldehyde dehydrogenase  6.695 6.61 7.77 6.065 10.17 10.73 11.74 10.01 

Cter_2833 NAD-dependent aldehyde dehydrogenase  3.01 4.11 7.975 3.96   

   Cter_5426 bifunctional acetaldehyde-CoA/alcohol  15.835 16.415 15.405 13.99 22.83 22.55 21.44 21.52 

Cter_5570 AMP-dependent synthetase and ligase  11.105 10.98 9.36 9.85 17.35 17.29 16.54 16.67 

Cter_1865 AMP-dependent synthetase and ligase  8.6 8.6 8.44 7.56 14.74 14.48 15.12 14 

Cter_4518 acetate kinase  11.415 12.29 12.65 10.385 19.24 19.36 20.64 18.75 

Cter_4519 phosphate acetyltransferase  10.195 10.885 9.45 8.38 17.63 17.7 18.66 16.84 

Cter_1650 Iron-containing alcohol dehydrogenase  5.78 6.195 5.565 5.325 11.49 11.74 11.24 11.18 

Cter_2586 iron-containing alcohol dehydrogenase  13.37 15.145 12.98 15.195 18.16 19.25 19.48 19.58 

Cter_3280 Iron-containing alcohol dehydrogenase  14.435 14.805 14.725 13.435 21.47 21.51 22.7 21.13 

Cter_5477 Iron-containing alcohol dehydrogenase  2.5 2.45 2.405 3.7   

    



201 
 

RNA Sequencing expression values are averages of 2 independent replicate samples for each substrate; CB, cellobiose; Ac, α -cellulose
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Supplementary Figure S1. Metabolite production of C. termitidis cultured on 2g/L each of  

cellobiose (A) and α-cellulose (B). 
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Supplementary Figure S2. Linear regression analysis of the log2 expression values for all observed pellet proteins between biological 

replicates. Values given for replicates grown on 2 g/L cellobiose at exponential phase (A) and stationary phase (B); 2 g/L α-cellulose 

at exponential phase (C) and stationary phase (D). Values observed for biological replicate 1 are plotted on the x-axis, while the 

corresponding values for biological replicate 2 are plotted on the y-axis 
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Supplementary Figure S3. Linear regression analysis of the log2 expression values for all observed supernatant proteins (secretome) 

between biological replicates. Values given for replicates grown on 2 g/L cellobiose at exponential phase (A) and stationary phase (B); 

2 g/L α-cellulose  at exponential phase (C) and stationary phase (D).  Values observed for biological replicate 1 are plotted on the x-

axis, while the corresponding values for biological replicate 2 are plotted on the y-axis. 
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Supplementary Figure S4. Correlation of protein Z-scores between growth conditions. (A) α-cellulose vs cellobiose at exponential 

phase (pellet). (B) α-cellulose vs cellobiose at stationary phase (pellet). (C) α-cellulose vs cellobiose at exponential phase (secretome). 

(D) α-cellulose vs cellobiose at stationary phase (secretome). Values plotted along axis are from both biological replicates.
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Supplementary Figure S5. End-product synthesis patterns in cultures of C. termitidis 

containing 2 g/L α-cellulose, cellobiose, xylan, and xylose. Gas production (A) and soluble end-

products (B) in α-cellulose cultures; Gas production (C) and soluble end-products (D) in 

cellobiose cultures; Gas production (E) and soluble end-products (F) in xylan culture; Gas 

production (G) and soluble end-products (H) in xylose cultures Bars above and below the means 

represent standard deviation between replicates. 
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Supplementary Figure S6. Linear regression analysis of the sum of log2 100-mer reads per 

gene, between biological replicates. Values given for replicates grown on 2 g/L each α-cellulose 

(A); cellobiose (B); xylan (C); and xylose (D).  Values observed for biological replicate 1 are 

plotted on the x-axis, while the corresponding values for biological replicate 2 are plotted on the 

y-axis. 
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Supplementary Figure S7.  Scatter plots showing RNA transcript expression between replicates 

and across state (substrates). Cross state analysis was carried out against cellobiose in all cases. 

Expression data is log2 of the sum of 100-mer alignment elements. AC, α-cellulose; CB, 

cellobiose. Values plotted along axis are from both biological replicates. 
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Supplementary Figure S8. Gas production and soluble end-product synthesis patterns of  

C.termitidis cultured on 1g/L cellobiose, 1g/L xylose, and 1g/L cellobiose plus 1g/L xylose. Gas 

production (A) in 1g/L cellobiose cultures; Gas production (B) in 1g/L xylose cultures; Gas 

production (C) in 1g/L cellobiose plus 1g/L xylose cultures; soluble end products (D) in 1g/L 

cellobiose cultures; soluble end products (E) in 1g/L xylose cultures; soluble end products (F) in 
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1g/L cellobiose plus 1g/L xylose culture. Bars above and below the means represent standard 

deviation between replicates. 

 


